*1 e Fermi National Accelerator Laboratory

FERMILAB-Pub-84/17-T
LBL-16875
DOE/ER/Q1545~-345
February, 1984

Supercollider Physlcs

E. EICHTEN
Ferml National Accelerator Laboratory*
P.0. Box 500, Batavia, IL 60510

I. HINCHLIFFE
Lawrence Berkeley Laboratoryt
Berkeley, CA 94720

K. LANE
Ohio State University,+ Columbus, OH #3210

C. QUIGG
Fermi National Accelerator Laboratory®
P.0. Box 500, Batavia, IL 60510

TThis work was supported by the Director of Energy Research, O0ffice

*

# Operated by Universities Research Association Inc. under contract with the United States Department of Energy

of

High Energy and Nuclear Physics, Division of High Energy Physics of the
U.S. Department of Energy under Contract DE-AC03-76SF00098.

Supported in part by the U.S. Department of Energy under Contract
No. EY-T6-C-02-1545,



ABSTRACT

We summarize the motivation for exploring the 1 TeV (-10129V)
energy scale in elementary particle interactions, and explore the
capabilities of proton-{anti)proton colliders with beam energies between
1 and 50 TeV. We calculate the production rates and characteristics for
a number of conventional processes, and discuss their intrinsic physics
interest as well as their role as backgrounds to more exotic phenomena.
We review the theoretical motivation and expected signatures for several
new phenomena which may occur on the 1 TeV scale, Our results provide a

reference polnt for the cholce of machine parameters and for experiment

design,
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I. INTRODUCTION

The physics of elementary particles has undergone -a remarkable
development during the past decade. A host of new experimental results
made accessible hy a new generation of particle accelerators and the
accompanying rapld convergence of theoretical ideas have brought to the
subject a new coherence, Our current outlook has been shaped by the
identification of quarks and leptons as fundamental constituents of
matter and by the gauge theory ayntnesis of the fundamental

1

interactions. These developments represent an important simplification

’
of basic concepts and the evolution of a theoretical strategy with broad
applicability,

One of the strengths of our éurrent thecretical framework is that
it defines the frontier of our ignorance — the energy scale of about
1 TeV on which new phenomena must occﬁr, and where experimental guidance
toward a more complete understanding must be found. It is to explore

this realm that plans are belng develcoped (Wojeicki, et al,, 1983) for

the construction of a multi-TeV high~luminesity hadron-hadron collider.

1For' expositions of the current paradigm, see the textbocks by Okun
{1981), Perkins (1982}, Altchiscn and Hey (1982), Leader and Predazzi
(1982), Quigg (1983), and Halzen and Martin (1984); and the Summer

School Proceedings edited by Gaillard and Stora (1983).
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The physics capabilities of such a device and the demands placed upon
accelerator parameters by the physics are the subject of this article.
Tﬁree things are done 1In the remainder of this introductory
secticn. First, we give a brief description of the present
understanding of the strong, weak, and electromagnetlc interactions.
Second, we examine the lncompleteness and shortcomings of this picture
and explain why, in general terms, exploration of the 1 TeV scale Is
interesting and necessary. Finally, we describe the goals and contents

of this article.

A. Where We Stand
’

?he plcture of the fundamental constituents of . matter and the
interactions among them that has emerged in recent years is one of great
beauty and simplicity. All matter appears to be composed of guarks and
leptons, which are pointlike, structureless, spin-1/2 particles.
Leaving aside gravitation, which is a negligible perturbation at the
energy scales usually considered, the interactions among these partlcles
are of three types: weak, electromagnetic, and strong. All three of
these interactions are described by gauge theories, and are mediated by
spin-1 gauge boscns. The quarks experience all three interactions; the
leptons participate only in the weak and electromagnetic interactions.

The systematics of the charged-current (g-decay) weak Interactions

suggest grouping the six known leptons into three familiea
e w T )

Similarly, the five known quarks appear in the doublets
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(%) (c) (&} (1.2)
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4 S b

where the primes denote generalized Cabibbo (1963) - Kobayashi and

Maskawa (1973) mixing among the charge =1/3 flavors, Symmetry

considerations and the features of b-quark decay suggest the exiatence

of a third quark of charge +2/3, designated t. Current experiments set

a lower limit on its mass of (Yamada, 1983)
M, 2 22.5 GeV/c* (1.3)

Each quark flavor comes In three distinguishable varieties, called
colars. Color is what dist;nguishes the quarks from the leptons. Since
the leptons are inert with respect to the strong interactions, it 1s
natural to interpret color as a strong interaction charée.

The theory of strong interactions, quantum chromodynamics (QCD)
{Bardeen, Fritzsch, and Gell-Mann, 1973; Gross and Wilczek, 1973b;
Weinberg 1973) is based upon the exact 1local color gauge sSymmetry
SU(3)c. Strong interactions are mediated by an SU(3) octet of colored
gauge bosons called gluons. The gauge symmetry 1s exact, and the gluons
are massless particles. However, 1t 1is widely believed, if not yet
rigorously proved, that in QCD quarks and gluons are permanently
confined within color singlet hadrons, A crucial property of
non-Abelian gauge theories 1in general and QCD in particular is
asymptotic freedom (Gross and Wilczek, 1973a; Politzer, 1973): the
tendency of the coupling strength to diminish at‘short distances, This
behavior suggests a resolution to the parton model paradox that quarks

behave as free particles within hadrons, but can never be liberated.
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A unified description of the weak and electromagnetic Interactions
is provided by the Glashow (1961) -~ Weinberg (1967) - Salam (1968)
theory based on the gauge group SU(2)L9U(1)Y. In this theory, unlike
QCD, the 1local gauge invariance 1s spontanecusly broken, or hidden, by
the Higgs (1964) mechanism. This causes the Intermediate bosons W+, W‘,
and ZO of the weak interacticns to acquire 1érge masses, while leaving
the photon massless. A consequence of this form of spontanecus symmetry
breaking 1s the existence of a scalar Higgs boson of unspecified mass.
The SU(E)LGU(I)Y model has a number of notable successes: the prediction
and detailed déscription of the weak neutral current interactions first
observed by Hasert, et al?, (1973ab, 1974), and Benvenuti, et al.
(1974), the prediction of charm {Cazzoli, et al., 1975; Goldhaber,
et al., 1976; Peruzzl, et al., 1976), and the predictions of the masses
of the charged (Arnison et al., 1983a; Banner, et al., 1983) and neutral
(Arnison, et al., 1983c¢c; Bagnala, et al., 1983b) intermediate bosons.

The 3s0-called "standard model" of QCD plus the SU(z)LQU(1)Y
electroweak theory incorporates all the principal systematics of
elementary particle phenomenology, and achieves a wide-ranging synthesis
of elementary phenomena. It is of great importance to continue to test
the standard model, and to explore the predictions of unified theories
of the strong, weak, and electromagnetic Interactions {Georgl and
Glashow, 1974; Pati and Salam, 1973ab, 1974), which seem a natural next
step. The degree of current experimental support for the electroweak
theory, for QCD, and for the idea of grand unification s rather
different., For the electroweak theory the task is now to refine preclise
quantitative tests of very detailed predictions and to explore the Higgs

sector, In the case of QCD, most comparisons of theory and experiment
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are still at the qualitative level, either because a precise thecretical
analysis has not been carried out, or because of the difficulties of the
requiréd measurement, We find ourselves in the curious position of
having a plausible theory which we have not been able to exploit in
full. So far as unified thecries are concerned, we are c¢nly beginning
to explore their consequences experimentally. Although the simplest
model provides an elegant example of how unification might occur, no
"standard™ unified theory has yet been selected by experiment,

Over the next decade, the vigorous experimental progran at
accelerators now operating or under construction will subject QCD and
the electroweak theory %P ever more atringent testing, and
non-accelerator experiments such as searches for nucleon instability
will explore some of the dramatic consequences of unified theories,
Surprises may well be encountered, but it is likely that our efforts to
understand why the standard model works and to construct more complete
deseriptions of WNature will remain unfulfilled. 1In order to explain
what sort of experimental guidance will be required, we next consider
why the standard model cannot be the flpnal answer, and where new

phenomena are to be expected.

B. The Importance of the 1 TeV Scale

It is essential to recognize that the current paradigm leaves
unanswered some central questions. Even if we go beyond what has been
persuasively indicated by experiment, and suppose that the idea of a

unified theory of the strong, weak, and electromagnetic interactions is



correct, there are several areas in which accomplishments fall short of

complete understanding., There are also a number of specific problems to

be faced.

*

The most serious structural problem 13 associated with the
scalar, or Higgs, sector of the electroweak theory. This sector
is responsible for the most obvious Cfeature of electroweak
symmetry, namely that 1t 18 broken. xet, the dynamical nature
of this sector i3 the least undersatood aspect of the theory. In
the standard model, the interactions of the Higgs boson are not
prescribed by the gauge symmetry as are those of the
intermediate bosond, Whereas the masses of the W and Z are
specified by the theory, the mass of the Higgs boson 1is only
constrained to lie within the range 7 GeV/c? {Linde, 1976;
Weinberg, 1976a) to 1 Tev/c2 (Veltman, 1977; Lee,_ Quigg and
Thacker, 1977). While the lower bound is strictly valid only in
the simplest version of the standard mcdel with one elementary
Higgs doublet, the upper bound is fairly model-independent., If
the Higgs boson mass exceeds this bound, weak interactions must
become atrong on the TeV scale. This 1is perhaps the most
compelling argument that new physics of some sort must show up
at or before the energy scale of -1 TeV is reached. 1In a
uniflied theory, the problem of the ambiguity of the Higgs sector
is heightened by the requirement that there be a dozen orders of

0

magnitude between the masses of wt and z and those of the

leptoquark bosons that would mediate proton decay.
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No particular insight has been gained into the pattern of quark
and lepton masses nor into the mixing between different quark
flavors. This fact may be quantified by noting that the number
of apparently arbitrary parameters needed to specify the theory
1s 20 or more. This is at odds with our viewpolnt, fostered by
a history of repeated simplifications, that the world should be
comprehensible in terms of a few simple laws, Much of the
progress represented by the gauge theory synthesis is assocliated
with the reduction of ambiguity made possibie by a guiding
principle. Since 30 much of the dynamical origin of the masses
and mixing angles og quarks and leptons has to do with thelr
coupling to the electroweak scalar sector, here again we have
good reason to hope that a thorough study of 1 TeV physies will
yield important answers.

The violation of CP invariance in the weak interaction does not
arise gracefully. The currently most popular interpretation
attributes this phenomenon to the possibility of complex
couplings of quarks to the Higgs boson, but, at least In the
simplest model, this scenario has a serious problem: large CP
violations in the strong interactions,. Once again, our
experimental ignorance of the scalar sector 18 hindering our
theoretical understanding.

The requirement that the electroweak theory be anomaly-free
suggests grouping quark and lepton doublets into fermion
"generations." Although this Idea 1is supported by the

explanation of charge quantization in unified theories, we do
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not know why generations repeat or how many there are. Indeed,
faced with the large number of quarks and leptons that we now
have, it is natural to ask whether these fermionic constituents
are truly elementary. If it should turn out that they are in
fact composite structures, then the successes of the standard
model imply that their characteristic size i3 less than
~10"17 ¢em, corresponding to an energy scale > 1 TeV.

+ Finally, we may ask what is the origin of the gauge symmetries
themselves, why the weak Interactions are left-handed, and
whether there are new fundamental interactions to be discovered.

Given this 1list, 1t‘ is not surprising that there are many

directions of theoretical speculation departing from the current
paradigm., Many of these have important (mplicationsg which cannot yet be
tested. Although theoretical speculation and synthesis is valuable and
necessary, we cannot adyance without new observations. The experimental
clues needed to answer questions like those posed above can come from
several sources, including

+ experiments at high-energy accelerators;

+ experlments at low-energy accelerators and nuclear reactors;

« non-~accelerator experiments;

- deductions from astrophysical measurements.

However, according to our present knowledge of elementary particle
physica, our physical intuition, and our past experience, most clues and
information will come from experiments at the highesat energy

accelerators,
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Since many of the questions we wish to pose are beyond the reach of
existing accelerators and those under construction, further progress in
the fiéld will depend on our abllity to study phenomena at higher
energies, or equivalently, on shorter scales of time and distance. What
energy scale must we reach, and what sort of new Instrumenta do we
require?

Field theories with elementary scalars are notoriously unstable
{Wilson, 1971) against large radiative correctlons to masses., As a
consequence, although the Higgs phenomena might possibly occur at less
than 1 TeV, building a comprehensive theory in which this occurs proves
to be a very difficult prob%gm. unless some new physics intervenes.

One pos3aible solution to the Higgs mass problem involves
introducing a complete new set of elementary particles whose spins
differ by one-half unit from the known quarks, leptons, and gauge
posons. These postulated new particles are consequences of a new
"supersymmetry" which relates particles of integral and half-integral
spin. The conjectured supersymmetry would stabilize the mass of the

2

Higgs boson at a value below 1 TeV/c¢“, and the supersymmetric particles

are likely themselves to have masases less than about 1 TeV/02

. Up to the
present, there is no experimental evidence for these superpartners.

A second possible solution to the Higgs problem 13 based on the
idea that the Higgs boson is not an elementary particle at all, but is
in reality a composite object made out of elementary constituents
analogous to the quarks and leptons. Although they would resemble the

usual quarks and leptons, these new constituents would be subject to a

new type of strong interactions (often called "technicolor") that would



confine them within about 10_17 em, Such new forces could yileld new
phenomena as rich and diverse as the eonventional strong interactions,
but on an energy scale a thousand times greater -- around 1 TeV. The
new phenomena would include a rich spectrum of technicolor-singlet bound
states, akin to the spectrum of known hadrons, Again, there 1is no
evidence yet for these new particles,

We thus see that both general arguments such as unitarity
conatraints and specific conjectures for resolutions of the Higgs
problem imply 1 TeV as an energy scale on which new phenomena cruclal to
our understanding of the fundamental interactions must occur. The
dynamical origin of electroWeak symmetry breaking is of course only one
of the important issues that define the frontier of elementary particle
physics, Howevér. because of its immediacy and its fundamental
significance it must guide our planning for future facilities.

Either an electron-positron collider with beams of 1 to 3 TeV or a
proton-{anti)proton collider with beams of 5 to 20 TeV would allow an
exploration of the TeV region for hard collisions. The higher beam
energy required for protons simply reflects the fact that the proton's
energy is shared among its quark and gluon constituents. The
partitioning of energy among the constituents has been thoroughly
studied in experiments on deeply inelastic scattering, so the rate of
collisions among constituents of various energies may be calculated with
some confidence.

The physics capabilities of the electron-positron and
proton-{anti)proton options are both attractive and somewhat

complementary. The hadron machine reaches to higher energy and provides
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a wider variety of constituent collisilions, which allows for a greater
diversity of phenomena. The simple initial state of the
electr§n~positron machine represents a considerable measurement
advantage. However, the results of the CERN proton-antiproton collider
(Banner, et al., 1982; Arnison, et al., 1983b) indicate that hard
collisions at very high energlies are relatively easy to Iidentify.
Because the current state of technelogy favora the hadron c¢ollider, 1t
is the instrument of cholce for the first exploration of the TeV regime.
Some studies of the accelerator physics and technology required for a
multi-TeV collider have already been carried out (Tigner, 1983; Diebold,

1983).

C. The Purpose and Goais of This Paper

We have reviewed the principal ratioconale for a multi-TeV hadron
collider: it 1s a device to {lluminate the physics of electroweak
symmetry breaking. At the same time, it is necessary to anticipate that
the supercollider will reveal more than this. Surprises and unexpected
insights have always been encountered in each new energy regime, and we
confidently expect the same result at TeV energies. No one knows what
form these discoveries will take, but is essential that the
supercollider provide the means to make them. Fortunately, both the
conventional possibilities of the standard model and the new phenomena
implied by existing speculations can serve the important function of
calibrating the capacity for discovery of a planned facility. They also

help to fix the crucial parameters for a new machine: the energy per



beam and the lumincsity, or rate at which collisions occur. In any
case, the expected phenomena are important as backgrounds for the
unexpeéted, and for each other.

Qur principal goal in this article is to set out the most obvious
possibilities 1in enough detail that we may begin to assess the demands
of the physics upon beam energy and luminosity, and to consider the
relative merits of the pp and Bp options. 1In addition, we intend to
provide a reference peoint for the desalign of detectors and experiments,
Earlier work relevant to these 1ssues has been reported iIn the
Proceedings of the 1982 Snowmass Workshop (Donaldson, Gustafson, and
Paige, 1982) and of the. 1983 Berkeley Detector Workshop {Loken and
Nemethy, 1983). We also wish to identify areas in which further work i=s
required. -

Hard scattering phenomena make the most stringent demands wupon
machine performance, Accordingly, we shall not discuss the low
transverse momentum phenomena known as "log 8 physics". Some of these
considerations are treated in the lectures by Cahn (1982} and Jacob
t1983). For the same reason, we do not address the physics interest of
the conjectured new state of @atter known as quark-gluon plasma
(McLerran, 1983). We also omit any discussion of fixed target physics
with multi-TeV beams, for which the opportunities and concerns are
rather different. This topic has been conaidered in the Snowmass
(Pondrom, 1982) and Diablerets (Amaidi, 1980) workshops.

A detailed description of the materlial preéented in this report
appears Iin the Table of Contents. A brief summary is in order here.

Section II 1is devoted to a review of the renormalization-group-improved



parton model and the nucleon structure functions required to make
predictions of production rates. The hard-scattering hadron jet
phenoména predicted by QCD that provide a window on constituent
interactions are taken up in Section III. In Section IV we discuss the
standard electroweak theory, in particular as it pertains to searches
for heavy Higgs bosons. Sections III and IV, then, are concerned with
processes that are intrinsically interesting as definitive tests of the
standard model, and that produce the principal backgrounds to the new
physics the supercollider is intended to explore.

The four sections that follow concentrate on several of the more
frequently discussed possﬁPilities for new physics. The 3implesat
extensions of the standard SU(2),8U(1)y theory, new quark flavors and
additfonal intermediate bosons are treated in Section-v. We then turn
to more speculative possibilities: technicolor (See. V1), supersymmetry
(Seec. VII), and quark-lepton compositeness (Sec. VIII). In each of
these cases we review the motivations for the conjecture and discuss the
axpected experimental signatures. We also " examine the potential
backgrounds and assess the physics reach of the collider as a funetion
of energy and luminosity for bp and Bp collisions. The reason for
covering these proposals in some detail is not that any one of them
necessarily 1s correct. Rather, they provide a very wide range of
experimental challenges which we must expect the supercollider to meet
if it is to explore thoroughly and effectively the physics of the 1 TeV
scale, Some tentative conclusions from our' study are glven in

Section IX.
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II. PRELIMINARIES

AV high-energy proton beam may usefully be regarded as an
unseparated, broadband beam of quarks, antigquarks, and gluons. For the
hard-scattering phenomena that are the principal interest of this paper,
it is the rate of encounters among energetic constituents that determine
interaction rates. We adopt the spirit of the parton model in which the

croas section for the hadronlc reaction

a+b—>C+ anlj‘l’hing (2.1)

is given schematically by

de{a+b—>c+ X) =

”Zm £ 5’;') d§(isi—rerX),
54

where fga) Ls the probability of finding constituent i in hadron a, and

(2.2)

G(i+j+c+X') is the cross sectlion for the elementary process leading to
the desired Ffinal state. This picture of hard collisicns is not only
highly suggestive, it also in many circumstances provides a reliable
estimate of reaction ratea, as we shall document below.

Two ingredients are therefore required in order to compute <oross
sections and experimental distributions: the elementary cross sections
and the parton distributions, It 1s straightforward to calculate the
alementary cross sections, at least at ldw orders in perturbation
theory, from the underlying theory. At a given scale, the parton
distributions can be measured in deeply Iinelastic lepton-hadron

scattering. The evolution of these distributions to larger momentum
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scales is then prescribed by standard methods of perturbative quantum
chromodynamics.

Tﬁree things are done in this Section. First, we give a brief
summary of the basic ideas of the QCD-improved parton model. We then
turn to the task of constructing parton distributions which are
appropriate to the very large momentum scales of interest for a
multi-TeV hadron collider. In the final part of this Section, we
present the luminosities for parton-parton collisions and discuss their
implications in general terms., These will be used in the rest of this
report to estimate the rates for particular physics processes,

L]

A. Parton Model Ideas

The essence of the parton model is to regard a high-energy proton
(or other hadron) as a collectlion of quasifree partons which share its
momentum. Thus we envisage a proton of momentum P as being made of

partons carrying longitudinal momenta le, where the momentum fractions

X, satisfy

0Sx;$1 (2.3)

and

Z X; =1 (24)

partons
[
The idealizatlon that the partons carry negligible transverse momentum

will be adequate for our purposes.
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The prototype hadron-hadron reaction is depicted in Fig. 2-1. The
general ideas of the parton model are thoroughly explained in the bock
by Feyhman (1972). Many interesting applications of the parton model
philosophy to hadronic interactlons were introduced by Berman, Bjorken,

and Kogut (1971). The cross section for reaction (2.1) 1s glven by
delarbres) =) K (8 (n) dligrex).  (25)
atb->C+X =L % § o e ). .
'3

where fia)(x) is the number distribution of partons of species 1. The
summation runs over all contributing parton configurations. If we

denote the invariant mass of the i-j system as
NS = st (2.6)

and its longitudinal momentum in the hadron-hadron c.m. by

p= x4s'/2, (2.%)

then the kinematic variables LIS of the elementary process are related
’

to those of the hadronic process by

Koo = 5 [0erde) 2 4], (2.8)

These parton momentum fractions satisfy the obvious requirements

x&" xb= xX. (2.-10)

We shall present detalled cross-section formulae in the text, in
connection with the discussions of specific phenomena. However, one

situation — two-body parton scattering — occurs so frequently that it
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is approprilate to develop the kinematics here. We consider the generic

process

o+b— 0+d + a.mffhinﬁ ; (2.11)

where the masses of the final-state particles are Mc and Md. Then |if

particle ¢ is produced at c.m. angle § with tranaverse momentum
p= X5 /2, (2.12)

the invariant cross section for reaction {(2.11) is

h
dp ™ T 3 an.(xo," :T%%%)

A (2.13)
(d.) m A A A
t xa.xbfg (%) §; (x.)_d_g_(s,t,u) '
3 dt
The kinematic invariants of the elementary reaction
L+y —> c+d (2. ¥)

are given by

A
S= Xa¥Xp S,

%‘5 M:" X,,X_LS %—-—xis?:ee) > (2'|5)

bz Mr—x, xS (_E:L__“SQ)L
25in®

X~cos©
¥, = 20 + %X, E——)s.mg (2.16)

2&3 - %8 (x-i'CASG) b
Sun®

Here
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- 25*"*5( s.:n%s )
N\“\- - 00 9 b4
2s- 45 (5328°)

4. 2 . 1_9 llz
e (248)

X

X2+

and

;B

A= M -M,, (249)

The elementary parton model as sketched here 13, at best, an
approximation to reality. For our purposes, the most important
modification to the elementary plcture is due to the strong interaction
{QCD) corrections to the parton distributions. In leading logarithmic

’

approximation (Gribov and Lipatov, 1972ab) these corrections are

process—-independent, and can be incorporated by the replacement
) )
5. (%) —» §. (xa, 7). (2.20)

There is some ambigulity surrounding the <choice of scale Q2 in a
particular process., It should be of the crder of the subenergy,

Q" = 's\? (2.21)

but the choice affects event rates and the particular value of Q2 used
for each process will be stated in the relevant Section below.

We shall consistently adopt the Born approximation to the
elementary cross section and neglect higher-order strong interaction
corrections. Experlience 1in specific cases (Altarelli, Ellis, and
Martinelli, 1978; R.K. Ellis, et al., 1980) shows that the resulting

eatimates of cross sections should be reliable within a factor of about
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2. We alsoc ignore "higher-twist" or hadronic wave function effects.
These will produce corrections to the calculated rates which are
proportional to (MZ/QZ)d, 4>1, where M is a scale characteristic of
hadronic binding. The effects should therefore be negligible for the

processes we dlscuss.
B. Q2-Dependent Parton Distributions

In order to predict production cross sections in a hadron collider,
we require parton distributions as functions of the Bjorken scaling
variable x and Q2. For the'study of a process with characteristic mass

M, the parton distributions must be known for

gF = M (2.22)

and

x> M*/s. (2.23)

The typical momentum fraction contributing to such a process will be

x % MNs (2.24)
Since we shall be concerned with characteristic massea in the range

A0 GeVie* £ M4 A0 TeV/el (2.25)

and c.m. energles between 10 and 100 TeV, the rénge of interesat for the

kinematic variables is
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100 Gev® < %< 10° Gev' (2.26)
and

X210 (2.2%)

Although the distributions have not been measured at such encormous
values of Q2, it is in principle quite straightforward to obtain them.
Existing data from deeply inelastic scattering can be used to Ffix the
parton distributions at some reference value of QZ-Qg over most of the x
range. Evolution to 02>Q§ is then predicted (Georgl and Politzer, 1974;
Gross and Wilczek, 1974)* by QCD in the form of the Altarelli-Parisi
(1977) equations. The resulting distributions can be checked against
cross sections -measured at the CERN SppS Collider and later at the
Fermilab Tevatron.

Rather than utilizing any of the parametrizationa of parton
distributions that appear in the literature, we have developed our own
set in order to ensure reasonable behavicr over the full range of
variables given by (2.26) and (2.27). It is convenient to parametrize
the distributions in a valence plus sea plus gluon form. The proton

contains
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up quarks: u, (%,8) +us(x,84,
down quarks:  dylx,8")+dg(x,8%),
. . 2
wp antiquarKs: Ug lx, &7 (2.28)
down amhiquarks: ds(x,§%)

strange, charwm, botfom,and o
s )q_wk.s ’ and ax:‘\"\q_uo.er: Qs (x,8%)
3\wons-. &) (?‘, Q") /

The flavor quantum numbers of the proton are carried by the valence

gquarks, Those distributions must therefore satisfy the number sum rules

S: dx u b8 =2,
. (2.24)
[ dx &/ @) =4,

The parton distributions are also constrained by the momentum sum rule
4
Sodr. x[uv+dv-\-G+2(u5+ds+ss+ cs+\ps+’c,i=1 ~ (2.30)

To improve numerical convergence in the neighborhood of x=0, it is
convenient to recast the familiar Altarelli-Parisi equations as
integro-differential equations for x times the parton distributions.

The valence, or ™"nonsinglet," distributicns satisfy

dg(x,g")z 2045 (&) S‘ dz . (4479 ply, 6" - 2p(xg)
31t

z —
—h * ® ‘-t (231)

+ _‘_‘5&_“"},[& 4%&5:.%_)]?(3,51") ;

where
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P81 = xuy (4,8 or xdy(x,8")  (232)

and

y= x/2.

The evolution of the gluon momentum distribution
2
40687 = x G(x,8%) (233)

is given by
P ATy ' de [3(%g(y,a")-q(x,a"))
dh%g“-' srt: x 2 T

) 2
LB d) 2 el 5 1lg, tnd+ 2y, 1)
' Hlavers

(2.%4)

+ S8 B 0t §08Y,

where Nf is the number of flavors participating 'In the evoluticon at Q2.

The evolution of the momentum distributions of the light sea quarks
(s
Ly, 8% = xug(x 89 or xdglx,8") or xsi(x, &) (2.35)

is described by
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AxQ7) 2450600 51 de [(1+a‘)f.(y,q=)-u(x,a’-)
dReq a* Ic J, 2 S -2 j

» 3l (-2g,0 )| (23)

5’%—’ [1+ %hﬁ(«-ﬂ]w,a’*).

For the evolution of the momentum distributions of heavy sea quarks
h(ﬁ,Q‘)'—"- xcs(x,Q") or xbs(X)Q") ov xt,(x,Q") 3 (2.3%)

we adopt the prescription of Glick, Hoffmann, and Reya (1982},

dh(x, Q%) _ Zo_(;(Q") S‘ de [(\H‘)hhﬁ")-?.h(x,ﬂ")
e )3 et

di«hq - \-2

4
3L _A _‘1:(‘5-4%)2 1bMg 2%\ g(v.8%)
+4F‘(7'-%(1 D & iz - )‘a‘h

2 2 X
- %(2(‘\-‘52) 4 %‘)M(%%)%%ﬁ] 9(? )
+ 5‘%1[1 * hg(«-x)]k(y,q") ; (2.38)
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where Mq is the heavy quark mass,

0, X‘O)
A

X7 0O y

o(x) = (2.39)

?

and

3= (A-4nE /g0 ™. (240)

The running coupling constant of the strong interactions as(Qz) may

be expressed in terms of the QCD scale parameter A as

st = S22 g0 (@), (240)

A prescription is requirsd for the variation of Nf and “s(Qz) as a
threshold is crossed. Since the value of A we shall adopt has been

determined for Nfau, it will be consistent to write

Al 8F) = mhata‘ﬂ\")- Z o(a-1LM: )fna(a/ismt
iz bt (242)
This form ensures a smooth crossing of thresholds and is equivalent to
other prescriptions in common use, modulo higher-order QCD corrections
which we ignore. As Q2 approaches infinity the contributions of all
quarks become equal.

The procedure we follow is to begin with input distributions
inferred from experiment at QS-B GeV2 and to integrate the evolution
equations (2.31), (2.34), (2.36), and (2.38) numerically. The advantage
of this over the moment method which is often employed is that for each
value of x we require input information only for larger values of x, and

not over the full range from 0 to 1. This i{s important in practice
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because structure functions are poorly known at small values of x. In
evolving the distributions to larger  values of Q2 we lignore all
higher-twist effects and higher-order QCD corrections. OQur neglect of
higher-twist effects i3 Justified by the fact that the starting
distributions were derived from data with <Q2>-5-50 Geve. We omit
higher-order QCD corrections {(for which see Buras, 1980). These higher

order corrections, which are suppressed by one power of a contain

s’
terms proportional to log(i-x) and log(x). These terms destroy the
validity of QCD perturbation theory at large and small x. In the large
x region techniques are available to resum the terms of the form ug
logN-1(1-x) for all N; effegtively as(Qa) 1s replaced by as(QZ(1-x))
[Amati, et al., 1980; Peterman, 1980]. Since the structure functions
are very small in this region, this change does not affect our results
significantly, No such resummation techniques are available 1In the
small x region and consequently we cannot be absclutely certain that our
results are not in error by more than a factor of two. This uncertainty
of course does not affect our estimates of the discovery 1limits for
varicus processes, which depend only on x>0.1.

We must next discuss the input distributions. At the present time,
the data of the CERN-Dortmund-Heidelberg-Saclay (CDHS) neutrino
experiment at CERN (Abramowicz, et al.,, 1982, 1983) have the greatest
statistical power. We shall therefore take the CDHS structure functions
as a reasonable starting point. Some of the experimental uncertainties
will be addressed below.

Neutrino data are particularly useful because measurement of the
structure function xag from an isoscalar target determines the valence

distributions as
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w1 de{uN->pX)_ dg(FN >ptX)
x%(x)a)-@gmg 1-(1-!1)7'[de7 ) dedy ]

. (2.43)
= x [uy(x, 8 +d, (x,87] :

where GF is the Fermi constant, M is the nucleon mass, B is the neutrino

beam energy, and the Bjorken scaling variables are defined by

X = §/:Mv (2.44)
\1 = V/E 5 (’2..4'5)

’
where “ﬁE‘Eu is the inelasticity parameter, The CDHS measurements give

3% .
xF(x,8.) = 1.66 < (1-'-x7331('\+5.85x)> (2.46)

2. The normalizaticn has been fixed by continuing

for x>0.03 and Qg=5 GeV
to x=0 and enforeing the baryon number sum rule. A lowest-order QCD fit
used to evolve the parametrization (downward) to Q2=Qg yielded the

leading-order sacale parameter
N= (23S £ 7o) MeV. (2.47)

The up— and down-quark valence distributions can be, separated using
charged~current cross sections for hydrogen and deuterium targets. Data
from the CDHS and BEBC {(Bosetti, et al., 1982) experiments are shown in

Fig. 2-2, which suggests the parametrization (Eisele, 1982)
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8,0/ u,(x) = 0.5¢ (1-x). (2.48)

The déta are insufficient to exhibit any Qz-dependence, and are
consistent with the SLAC-MIT electron scattering measurements (Bodek,
et al., 1979). The simplest gueas that dv(x)/uv(x) = 1/2 is not in
agreement with the data.

Once the valence distributions are known, the sea distributions may
be determined from measurements of the structure function GF; on
isoscalar targets. Data on the flavor dependence of the sea are rather
sparse, In principle the ratio us(x)/ds(x) can be extracted from
neutrino data; it 1s consisyent with unity (Elsele, 1982). The strange
sea c¢an be measured directly in antineutrino-induced dimuon producticn.
The shape of ss(x) is shown in Fig. 2-3 .tc be consistent with the shape
of us(x)+ds(x) determined from 3%. The CDHS parametrizations we use are

derived using

25sx)/Luglx) +ds(x)] = 0.43 (249)

at Q2=5 Gevz.

Bounds on the rate of same-sign dimuon producticn in
neutrino-nucleon collisions {Abramowicz, et al., 1982, 1983; Eisele,

1982) limit the charmed sea:

1 1
[de xey0 € L{ o w5500 (2.50)
0 o

We shall assume that at Q2-5 Gev2 the sea distributions of charmed and

heavier quarks can be neglected,
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Once the quark distributions have been determined, the Iintegral
fédx xG(x) of the gluon momentum distribution can be determined from the
momentum sum rule. The shape of G(x) cannot be measured directly 1in
electroweak interactions, but a constraint on the shape can be inferred
as follows. With Increasing Q2, QCD evolution causes gluons with
momentum fraction X, to generate antiquarks wilth momentum fraction
x0<x1. A failure to find antiquarké at values of x larger than some
value X, thus constrains G(x,Qg). There 1is of course a strong
correlation between G(x,Qz) and the QCD scale parameter A, The larger is
A, the more rapidly will G(x,QZ) steepen, and the broader the input
distribution G(x,Qg) can be?! Ideally one would determine A from the
evolution of the nonsinglet structure function and then extract G(x,Qz)
from singlet structure functions. The existing data do not permit this
to be done unambiguously.

It is therefore necessary to use the singlet structure functions
Jg(x,qg) together with the antiquark distributions qs(xqu) to make a
aimultaneocus fit to A and G(x,QZ). The difficult-to-measure ratio
H=0L/0T enters the analysis. The available data, summarized in
Fig. 2-U4, do not determine R precisely. Two fits have been presented to
the CDHS data.

Under the assumption that R=0.1, Abramowlcz, et al, (1983)

determine the combination
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9y(%,86) = x Tus 0,86 1+ 400,65 ) 255(%,827)

.54 (2.54)
= 0,52 (A-x) ,

% (x,Qi Y= % iuv(x,é\z ) +a, 0,80 ) + 2 Tug (e @3) +as (x 80 ) + sstx,eij}

= (14x 4000007 (2.52)

and
XG(X,8) = (2.62 +94F){-x)" T , (2.53)

wlth
A= (130% 20) MeV (2.54)

[
and ans GeV2, In Fig. 2-5 we show the quantities qv(x,Qg), xG(x,Qg),
and K[uv(x.Q§)+dv(x,Q§)] determined from (2.49) and (2.51)-(2.53). We

shall wuse the following parameterization which reproduces these

distributions:

0.5 51,398
Xu, (%, 65) = 1,38 % (1-x*""? ) \

x4y (x,83) = 0.bF O* (4= (154S ]
XU (%,80) = xd4(x,85) = 0,182 u‘_x)s.s‘t)
%5 (%,65) = 0.084 (1-x)""
xGlx, Q)= (262+ ‘1.1?,()(1_”5.%,
A = 200 MeV, J

} (2.55)
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The dv/uv ratio implied by this set is conslistent with the measurements
collected Iin Fig, 2-2. We shall refer to this parametrization as Set 1.
Under the assumption that RnoL/oT has the behavior prescribed by

QCD, Abramowicz, et al, (1983) find

9, (6,82) = 0,53 (1-x) " (2.56)
% (6,60 = (148 +3859) (1) (2.59)
and o3
0
xGlx ) = (1.#5+15.5¥5x)(1-x)""  (2.58)
with ’
A= 29020 MeV (2.59)

and Qg=5 GeVZ. The resulting valence quark and gluon distributions and
the combination qv(x,Qg) are shown in Fig. 2-6. Notice that the larger
value of A 1s correlated with a harder gluon distribution at Qg, i.e.,
one with more gluons at large values of x. These are reproduced by the

following parametrization (Set 2):

3.2
Xug(%,85) = xd4(%,§0) = DABS(1-X)" 7
%55 (x,8%) = 0,045 (1-x)""* I P
%G (x, Q) = (1.#5+ 15,525x)(1-x)""

A= 290 MeV)
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with the valence distributions xuv(x,QS) and xdv(x,Qg) given in (2.55).

It is approprlate to compare our two input distributions with other
determinations of parton distribution funetions. In Fig, 2-7 and
Fig. 2-8 we compare our parametrizations with the determinations of the
valence, sea, and gluon distributions presented by the CHARM neutrino
experiment at CERN (Bergsma, et al., 1983) at Q2=10 and 50 Geve. The
agreement 1s satisfactory, but the disagreement seen in the sea
distribution is striking. We remérk that whereas our distributions
satisfy the wmomentum sum rule to better than 1%, momentum conservation
was not explicitly enforced in the CHARM Collaboration fits.

There are two other indications that the CDHS analysis might
somewhat underestimate the gea quark distributions. The ratio of deeply
inelastic lepton scattering on neutron and proton targets has been
measured by the SLAC-MIT Collaboration (Bodek, et al., 1979) and by the
European Muon Collaboration {Aubert, et al., 1983b). Their data are
compared in Fig., 2-9 with the prediction of our Set 2 at Q2 = 10 Gevz.
The prediction does not depend appreciably upon Q2 and is similar for
Set 1. The fact that the curve approaches unity at small x less rapidly
than the data do suggests the need for an enhanced sea contribution. A
second, independent, suggestion that a stronger sea may be required
comes from the data of the Caltech-Columbia~-Fermilab-
Rochester-Rockefeller neutrino experiment (MacFarlane, et al., 1983), in

whichgz(x,qz) is more strongly peaked at small x than in the CDHS

measurements.
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The calculated Qz-dependence of xG(x,Qz) and xus(x,Qz) are shown
for Set 1 in Figs. 2-10 and 2-11. The expected growth of the
distributions at small x 13 apparent. The corresponding results for
Set 2 are shown in Figs. 2-12 and 2-13. The flavor composition of the
sea can be deduced from Figs. 2-14 through 2-17 which show the evolution
of xss(x,qz), xcs(x,Qz), xbs(x,Q2). and xts(x.Qz) for Set 2.

We include only the perturbative evolution of the heavy quark sea
from the process g-~QQ, and neglect the nonperturbative, or intrinsie,
component proposed by Brodsky et al, (1980, 1981). Experiments
(Aubert, et al., 1983de; Ritchie, et al., 1983) have not given any
positive indication for an .important intrinsic charm component, In

deriving the heavy quark distributions we have used

. Mb:: 5.5 GCV,C,?' 3
Pﬂt,== %0 GECN//C?' .

It can be seen that flavor SU(3) symmetry of the sea is rapidly

(2.61)

established at small x, but that mass effects suppress the heavier
flavors even at Q2-108 GeV2-1OO Tevz, where
us:ss:cs:bs:ts::1:0.89:0.36:0.33:0;21 at x=0.01. Parameterizations of
the Qz-dependent structure functions are given in Appendix A.

Let us now examine further some of the uncertalnties and
ambiguities of the structure functions. The distribution functions are
not well measured at small values of x. As a consequence, wWe may be
concerned that there are important uncertainties in that region. To be
more specific, present data do not extend below x=0.01 and are rather

3parse in the interval 0,01<x<0.1. Fits to structure functions

therefore have to be based on plausible but poorly controlled
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extrapolations to x=0. Sum rules provide broad constraints. For
example, the requirement that the momentum integral of the gluon
distribution be finite means that xG(x,Qz) must be less singular than
1/x at x=0,

To explore the uncertainties in the small x reglon we consider two

modifications to the gluon distribution of Set 1, as follows:

4
X G(%, Q%) =(262+4BOU-)  xY0.01,  (2.62)

and

o {oamx o135 @
xG(x,Q0) = Lor x<0.04. (2.63)
25.56 x'* (b)

These modifications match continucusly at x=0.01 and are constrained to

change the gluon momentum integral by no more than 10%: we demand that
i
{ax xG0x,Q2) = 0.50%0.05, (2.64)
0

The results of these changes are presented in Figs. 2-18 - 2-20, which

2 1073, and 107¥ for set 1,

show the Q2 variation of xG(x,Q%) at x=10~
modification (a), and modification (b), respectively. The drastic
differences built in to the distributions at low Q2 diminish rapidly as

2

Q® rises. At Q2=QS-5 Gevz, the values of xG(x,Qa) given by

u. After

modifications (a) and (b) differ by a factor of 160 at x=10
evolution to Q2=103 GeVZ, quite a modest value on the Supercollider
scale, this difference is diminished to a factor of 2. We regard this
example as extremely reassuring for 1t implies that the gluon

distribution at small x and large 02 may be much better determined than

is commonly believed,
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Another source of uncertainty 1is variation of the QCD =scale
parameter A. To study this effect we have evolved the starting
distributions of Set 1 with A=100 MeV. The results are shown in
Fig. 2-21 for xG(x,Qz) and in Fig. 2-22 for xus(x,Qz). Comparing these
with the plots of Figs. 2-10 and 2-11, we find that over the range

4 to 108 Geva. the effect of this c¢hange 13 to alter the

@?=10
distributions by no more than 20%.

The input structure functions we use have been derived principally
from neutrino scattering from heavy nuclel under the assumption that
these are related additively to proton and neutron structure functions.
Recent data (Aubert, et :l., 1983¢c; Bodek, et al., 1983ab; Cooper,
et al., 1983; Asratyan, et al., 1983; Arnold, et al., 1984) 1indicate
that this is not the case, Representative measurements are shown in

Fig. 2~23. It 1s generally agreed that the ratio Fge

/F2 of the
2
structure function per nucleon (extracted neglecting nuclear effects) is
10-15% below unity at x=0.6. This behavior cannot be explained by Fermi
motion (Bodek and Ritchie, 1981) within the nucleus. At small values of
X the experimental situation is confused. The European  Muon
Collaboration data (Aubert, et al., 1983¢) show a significant
enhancement of the iron structure function at x£0.1, but this 1is not
confirmed by the SLAC data of Arnold, et al. (1983) at somewhat smaller
values of Qa. These chservations suggeat that the valence distributions
we have used may be about 10% too small in the neighborhood of x=0.6 and
that the sea distributions could be as much as 15% too large at x=0.T1.

Given the earlier hints that the sea distributions may be slightly too

small, we do not regard this as a serilous problem, Better data at
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larger values of Q2

would again be helpful, as would a theoretical
understanding of the nuclear phenomenon.2 The effect of the nuclear
environment on G(x,Qg) and A is not known.

We conclude this discussion with a brief comment on  other
parametrizations of parton distributions (Glfick, Hofmann, and Reya,
1982; Baler, Engels, and Peterason, 1979; Owens and Reya, 1978; Duke and
Owens, 1983). The standard practicé has been to evolve {input
distributions at Qg over a vrange in Q2 and to fit the resulting
distributions to analytiec forms in x and Q2. Most of these flts have
been available for several years and entall values of the scale
parameter A of order U00 MeV, somewhat larger than the current best
fits., For comparison with :he input distributions we have used, which
are shown in F;gs. 2-5 and 2-6, we plot in Figsa. 2-24 through 2-27 the

parton diatributions at Q2=5 Ge_V2

of Baier, Engels, and Petersson
(1979), and of Gllek, Hoffmann, and Reya (1982), both with A=400 MeV,
and both the "hard gluon" (A=U400 MeV) and "soft gluon" (A=200 MeV)
distributions of Duke and Owens (1983). The distributions which involve
the large value of A=400 MeV have harder gluon distributions than 4o our
parametrizations, as expected., We do not display the Owens-Reya (1978)
distributions because the low value of Qg=1.8 GeV® used there Iinvites

distortions due to higher-twist effects and because they are superseded

by the work of Duke and Owens (1983)., The distributions of Baler,

2For' a review and a list of theoretical references, see Llewellyn Smith

(1983).
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et al. {1979) and of Duke and Owens (1983) have SU(3)-symmetric sea
distributions and do not include heavy flavors. In addition, Baier and
collabbrators (1979) have Cfixed uv(x,Qa}-edv(x,Qz) at all values of x
and Q2.

The Qz'evolution of these fits is shown in Figs. 2-28 through 2-31,
where we display the gluon momentum distribution xG(x,Qz). Fig. 2-28
shows that the Baler, et al. (1979) parametrization is wunreliable for
Q221o3 Gevz, where xG(x-O.I,Qe) begins to increase with Qz. The
parametrization of Gllick, et al. (1982) 18 correctly claimed (see
Fig., 2-29) to be sensible for x>0.01 and Q2<Hx10u Geve. Notice, however,
the odd behavior at sma;l values of x that results from blind
extrapolation of their fit, Moreover, thlis parametrization deviates by
as much as 20% from the exact result obtained by evolution even within
the claimed domain of validity. Fig. 2-30 shows that the "hard gluon"
parametrization of Duke and Owens (1583) cannot Dde trusted for
Q22105 Gevz. Their "soft gluon"™ parameterization behaves reascnably all

8 Gevz. as shown in Fig. 2-31, Comparison with

the way to Q2=10
Figs. 2-10 and 2-12 show that our distributions contain fewer gluons at

small x and large Q2 than did these earlier parameterizations.
C. Parton-Parton Luminosities

In the succeeding sections of this report, we shall use the parton
distributions derived in Sec, II.B to compute differential and total
cross sections for many reactions of potential intereat at the
Supercollider. Such detailled calculations are of unquestioned value for

detector studies and for Iin-depth consideration of the physies
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possibilities., However, much can be learned about the general 1ssues of
beam type, energy, and luminosity Dby comparing the luminosities of
parton-parton collisions as a function of w=/3, the c¢c.m. energy of the

colliding partons. One convenient quantity is the differential

luminosity

w S0t (2.65)
td&ﬁ g dx Uf; wf i) + EAQE (/) /x,

where fga)(x) is the number distribution of partons of species 1
carrying momentum fraction x of hadron a. For hadrons colliding with

c.m, energy vs, the scaling variable 1 1s given by

T=w2/s = S/s. (2.66)

The differential luminosity represents the number of parton-parton
collisicons with scaled c.m. energies in the interval {(t,t+dt) per
hadron-hadron collision. Thus the differential cross section for the

hadronic reaction

a+ b —> <+ o_ny'l‘hing (2.6%)

is given by

sgab->aX) = 3 Ty Flij»a), (26%)
aT 0 dt
where 3(ij+a) is the cross sectlon for the operative elementary process.
Explicit forms of § will be cited elsewhere in this paper.
The intereating hard-scattering processes that define much of the

physics motivation of a multi-TeV collider have a common asymptotic form

prescribed by dimensalional analysis,
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g{s) = e./§ (2. 69)

For al strong-interaction process, such as jet pair production, ¢ is
typically of order (us/n)z. For a typical electroweak process such as
lepton palr production, ¢ 1s approximately (a/n)e. Consequently, the
quantity (1/3)d17d1, which has dimensions of a cross section, provides a
useful measure of the reach of a collider of given energy and
hadron~hadron luminosity. In Figs. 2-32 through 2-50 we plot (1/8)qf/dr
as a function of 8, the square of the parton-parton c.m. energy, for a
number of parton combinations in proton-proton collisions at total c.m.
energles of 2, 10, 20, ’MO, 70, and 100 TeV. These luminosities are
based upon Set 2 of parten distributions characterized by A=290 MeV, as
specified in eqn. (2.60); we have taken Q%=3. Some additional
luminosities are displayed in Figs. 2-51 through 2-56 for
proton-antiproton collisions, where those differ appreciably from their
counterparts in proton-proton collisions.

The difference between pp and Ep collisions 1is particularly
pronounced for the uu luminosity, because the antiproton carries valence
antiquarks whereas the proton does not. The ratio of rdt?dr for uu
interactions 1in pp and pp collisions is plotted as a function of the
parton-parton c¢.m. energy w in Fig. 2-57 for several collider energies.
Roughly speaking, the advantage of Ep over pp collisions in this channel
becomes appreciable for YT=w/¥3 2 0.1. Whether this advantage at large
values of sft can be exploited depends upon the event rate determined by

cross section and luminosity.
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Especially useful for judging the effects of changes in luminosity
or beam energy are contour plots showing at each energy /3 the
parton;parton energy energy /§-corresponding to a particular value of
(r/é)diydt. Some important cases are displayed in Figs. 2-58 through
2-63 for the parton distributions of Set 2, and in Figs. 2-64 through
2-69 for the parton distributions of Set 1.

The contour plots contain a great deal of information, and will
reward a detailed study. Here we call attention to only one
particularly general and important feature. Contour 1lines rise less
rapidly than /5 = constantx/§: principally because of the 1/3 behavior
of the hard-scattering crosg sections. This means in general that to
take full advantage of the potential increase in discovery reach
afforded by higher collider energles, it 1is necesséry to lncrease
luminosity as well as beam energy. This effect is unlversal, but is
more pronounced for valence-valence interactlons than for gluon-gluon

interactions.
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FIGURE CAPTIONS

Parton-model representation of a hadron-hadron reaction,
Ratio (dot-dashed line) of valence distributions of up and
down quarks (after Eisele, 1982). The dashed line 1is the
result of the parton distributions given by (2.55).
Comparison of the shape of the strange quark distribution
determined in opposite-sign dimuon events (data points)
with the antiquark distribution (solid line) deduced from
35 (after Eisele, 1982).

The ratlio R-oﬂ?oT as a function of x for the CDHS neutrino
data (Abramowicz, et al., 1983), compared with measurements
in-ep and ed scattering (Bodek, et al., 1979) and uN
scattering (Gordon, et al., 1979; Aubert, et al., 1983a).
The curve is the QCD prediction for the kinematic range of
the CDHS experiment.

Parton distributions of Set 1 at @°=5 GevZ: valence quark
distribution x[uv(x)+dv(x)] (dot-dashed 1line), xG(x)
(dashed line), and av(X) {dotted line).

Parton distributions of Set 2 at Q2=5 GeV:

valence quark
distribution x[uv(x)+dv(x)] (dot-dashed line), xG(x)
(dashed line), and av(x) (dotted line).

Comparison of the gluon distribution xG(x,Q2) (dashed
line), the valence quark distribution x(u (x,@%) +
dv(x,Qz)] (dot-dashed line), and the sea quark distribution
2x[us(x.Q2) + ds(x.Qz) + ss(x,Qz) + cs(x,Qz)] {dotted line)

of Set 1 with the determination (shaded bands) of Bergsma,



Fig. 2-8:

Fig. 2-9:

Fig. 2-10:

Fig. 2-11:

Fig., 2-12:
Fig. 2-13:
Fis. 2-14:
Fig. 2-15:
Fig. 2-16:
Fig. 2-17:

Fig. 2-18:

I1-28
et al. (1983) at @2=10 GevZ.
Same comparison as Fig. 2-7, for Set 2 at Q2-50 Gevz.
x—dependence of the ratio o(2n)/o(2¥p) of the cross
sections for deeply inelastic scattering on nucleons. The
dashed curve is given by the parton distributions of Set 2
at Q2-10 Geve. The data are from Bodek, et al. (1979) and
Aubert, et al. (1983b).

2_evolution of the gluon distribution xG(x,Q%) of Set 1:

y

Q
x=10"" (solid 1ine), 1073 (dotted line), 1072 (dot-dashed
line), 0.1 {(dashed line).

Qz-evolution gf the up antiquark distribution xus(x,Qz) of
Set 1. The down antiquark distribution xds(x,Q2) is equal.
Same values of x as Fig. 2-10.

Q-evolution of the gluon distribution xG(x,Q°) of Set 2.
Same x-values aa Fig, 2-10.

Qz-evolution of the up antiquark distribution xus(x,Qz) of
Set 2. Same x-values as Fig. 2-10.

Qz-evolution of the strange quark distribution xss{x,qz) of
Set 2. 8ame x-values as Fig. 2-10.

Q2~evolution of the charmed quark distribution xcs(x,QZ) of
Set 2. Same x-values as Fig. 2-10.

Qa-evolution of the bottom quark distribution xbs(x,Qz} of
Set 2., Same x-values as Fig. 2-10.

Qz—evolution of the top quark distribution xts(x,Qz) of
Set 2. Same x-values as Fig, 2-10.

Qa—evolution of the gluon distribution function xG(x.QE) of
Set 1 for x=10"2 (solid line), 10~3 (dashed 1ine), 107

{dot-dashed line).



Fig, 2-19:

Fig., 2-20:

Fig. 2-21:

Fig. 2-22:

Fig. 2-23:

Fig. 2-24:

Fig, 2-25:

Fig. 2-26:

Fig. 2-27:

II1-29

Q2-evolution of the gluon distribution function xG(x,Qa) of
Set 1(a) for x=10"2 (solid iine), 1073 (dashed line), 10"
(dot-dashed line),

Q%-evolution of the gluon distridution function xG(x,Q%) of
Set 1(b) for x=10"2 (solid line), 1073 (dashed line), 107"
(dot-dashed line).

Qz-evolution of the gluon distribution function xG(x,Qz) of
Set 1 with A=100 MeV. Same x-values as Fig. 2-10.
Qz-evolutlon of the up antiquark distribution xus(x,Qz) of
Set 1 with A=100 MeV. Same x-values as Fig. 2-10.

The ratio of tge nucleon structure functions Fg measured cn
iron and deuterium as a function of x. Data are from the
European Muon Collaboration (Aubert, é&_g&., 1983¢) and
SLAC Experiment E-139 (Arnold, et al., 1983).

The parton distributions of Baler, Engels, and Petersson
(1979), at Q2=5 Gev%: valence quark distribution
xlu (x)+d_(x)] (dot-dashed line), 'xG(x)} {dashed line), and
au(X) (dotted line).

The parton distributions of Gltck, Hoffmann, and Reya

(1982), at 02-5 gev?:

valence quark distribution
XEuv(x)+dv(x)] {dot-dashed line), xG(x) (dashed line), and
av(x) (dotted line).

The "hard gluon" (A=400 MeV) parton distributions of Duke

2: valence quark distribution

and Owens (1983) at QE-S GeV
X[uv(x)+dv(x)] (dot-dashed line), xG(x) (dashed line), and

a,(x) (dotted line).

The "soft gluon™ (A=200 MeV) parton distributions of Duke
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2=31:
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2-34:

2=35:

2-36:

2-37:
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and Owens (1983) at Q2-5 Geve:

valence quark distribution
XEuv{x)+dv(x)J {dot-dashed line), xG{(x) (dashed line), and
q,(x) (dotted line).

Qa-evolution of the gluon distribution xG(x,Qz) of Baier,
Engels, and Petersson (1979). Same x-values as Fig. 2-10.
Q®-evolution of the gluon distribution xG(x,Q%) of Gluck,
Hoffmann, and Reya (1982). Same x-values as Fig. 2-10.

Q2

-evolution of the "hard gluon" (A=40Q0 MeV) distribution
xG(x,Qz) of Duke and Owens (1983). Same x-values as
Fig. 2-10.

Q%-evolution of the "soft gluon™ (A=200 MeV) distribution
xG(x,QZ) of Duke and Owens (1983). Same x-values as
Fig. 2-10.

The quantity (r/s)di/dr for gluon-gluon interacticns 1in
proton- proton collisions., Collider energles ¥a are given
in TeV.

The quantity (t/8)af/dr for ug interactions in proton-
proton collisions. Collider energies ys are given in TeV.
The quantity (1/8)dd/dr for dg Interactions in proton-
proton collisions, Collider energies vs are given in TeV.
The quantity (t/8)dd/dr for ug interactions in proton-
proton collisions. Collider energies VY3 are given in TeV,
The quantity (r/S)di/dr for sg Interactions in proton~
proton collisions, Collider energles ¥s are given in TeV.
The quantity (1/8)@l/dr for wuu interactions in proton-
proton collisions. Collider energies vs are given in TeV.
The quantity (r/S)d‘jdr for ud interactions in proton-

proton collisiona, Collider energies ¥a are given in TeV,



Fig. 2-39:

Fig. 2-40:
Fig. 2-41:
Fig. 2-Uz2:
Fig. 2-43:
Fig. 2-4u;
Fig. 2-45:
Fig. 2-46:
Fig. 2-47:
Fig., 2-48:
Fig.
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Fig. 2-50:

Fig. 2-51:

The quantity (/8)ak/dt for
proton collisions., Collider
The quantity (t/3)dd/dt  for
proton collisions, Cellider
The quantity (t/8)df/dr for
proton collisions. Collider
The quantity (1/8)adsdt for
proton collisions. Collider
The quantity (1/8)a&/dt for
proton collisiona, Collider

The quantity (;/B)qx(dr for

proton collisions. Collider
The. quantity (t/8)df/dt for
proton collisions. Collider

The quantity (r/8)ak/dt  for
proton collisions, Collider
The quantity (r/é)di/dt for
proton collisions., Collider
The quantity (v/8)d&l/dr  for
proton ¢ollisions, Collider
The quantity (t/é)d{/dt for
proton collisions. Collider
The quantity (t/8)df/dt for
proton c¢ollisions.
30 Gev/c®

The quantity

proton-antiproton collisions.

given in TeV,

The ¢t~

dd interactions in
energies v¥s are given
uu interactions in
energles y's are given
ds interactions in
energies vs are given
ue¢ interactions in
energies vs are given
dd interactions in
energies vs are glven
uu interactions in
energies v's are given
us interactions in
energies vs are given
cs interactions 1in
enargies vs are given
ss interactions 1in
energies ¢¥s are given
ce interactions in
energies Vs are given
bb interactions 1in
energies Vs are given
tt interactions in

quark mass s

. Collider energies ys are given in TeV.

Collider energles

I1-31

proton-
in TeV.
proton-
in TeV.
proton-
in TeV,
proton=-
in TeV.
proton-
in Tev,
proton-
in TeV.
proton-
in TeV,
proten-
in Tev,
proton-
in TeV.
proton-
in TeV.
proton-
in TeV,.

proton-

taken to be

(/8)¢f/dr for uu or uu interactions in

Vs

are
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The quantity (1t/8)dl/dt for ud or ud interactions in
proton-antiproton collisions. Collider energies Vs are
given in TeV,

The quantity (t/8)d/dt for dd or dd interactions in
proton-antiproton colliaslons. Collider energies vs are
given in TeV,

The quantity (1/8)dl/dtr  for uu interactions in
proton-antiproton c¢ollisions. Collider energles ya are
glven in TeV.

The quantity (t/8)d#/dtr for ud or ud interactions in
proton-antiproion collisions. Collider energies s are
given in TeV,

The -quantity (t/8)df/dt for dd interactions in proton-
antiproton c¢ollisions. Collider energies ¥/s are given in
TeV.

Ratio of (1/8)df/dr for uu interactions in pp and pp
collisions, according to the parton distributions of Set 2.
Collider energies v's are given in Tev;

Contours of (1/8)df/dr for uu interactions in pp collisions
according to the parton distributions of Set 2. Lines
gorrespond to 10", 103. 102. 10, 1, 0.1 pb.

Contours of (T/Q)d‘{dT for ud interactions in pp collisions
according to the parton distributions of Set 2, Lines
correspond to 10%, 103, 102, 10, 1, 0.1 pb.

Contours of (1/8)df/dr for ug interactions in pp collisions
according to the parton distributions of Set 2, Lines

correspond to 10, 103, 10, 10, 1, 0.1 pb.



Fig. 2-61:

Fig. 2-62:

Fig., 2-63:

Fig., 2-64:

Fig. 2-65:

Fig. 2~66:

Fig. 2-67:

Fig. 2-68:

Fig. 2-69:
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Contours of (t/3)al/dt for gg interactions in pip

collisions according to the parton distributions of Set 2.

Lines correspond to 10%, 103, 102, 10, 1, 0.1 pb.

Contours of (t/8)dd/dr for uu interactions in pp collisions

according to the parton distributions of Set 2. Lines

correspond to 10%, 103, 102, 10, 1, 0.1 pb.

Contours of (1/8)dd/dt for ud or ud interactions in pp

collisions according to the parton distributions of Set 2.

y

Lines correspond to 107, 103. 102. 10, 1, 9.1 pb.

Contours of (1/8)df/dr for uu interactions in pp collisions

according to .the parton distributiona of Set 1. Lines

correspond to 104, 103, 102, 10, 1, 0.1 pb.

Contours of (1/8)dJl/dt for ud interactions in pp collisions

acecording to the parton distributions of Set 1, Lines

correspond to 10%, 103, 102, 10, 1, 0.1 pb.

Contours of (t/8)dJ/dt for ug interactions in pp collisions

according to the parton distributions of Set 1. Lines

h 2

correspond to 107, 103, 102, 10, 1, 0.1 pb.

Contours of (u/8)dqf/dt for gg interactions in pip
collisions according to the parton distributions of Set 1.
Lines correspond to 10", 103, 102, 10, 1, 0.1 pb.

Contours of (1/8)df/dt for uu interactions in Bp collisions
according to the parton distributions of Set 1, Lines
correspond to 10”, 103, 102. 10, 1, 0.1 pbdb.

Contours of (1/8)¢f/dt for ud interactions in pp collisions
according to the parton distributions of Set 1, Lines

correspond to 10", 103, 102. 10, 1, 0.1 pb.
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III. PHYSICS OF HADRONIC JETS

A.Generalities

This section deals with the production of jets of hadrons that emerge with high
momentum transverse to the direction of the incident beams. Experiments at the
CERN SppS Collider (Arnison, et al., 1983(_1e; Bagnaia, et al., 1983a) and at the
CERN Intersecting Storage Rings (Albrow, 1983) have shown that for an important
class of events the jets are well collimated, isolated, and straightforward to analyze.

The simple parton-model picture of jet production in QCD is represented in Fig.
2-1. Constituents (quarks, antiquarks, or gluons) of the incident hadrons appear
with momenta distributed according ::o the parton distribution functions £ (x,, Q%
introduced in 8II. These constituents then scatter at wide angles into outgoing
partons which then materialize into the hadrons which are observed experimentaily.

The details of this hadronization are beyond the scope of perturbative QCD.
However, perturbative methods do suffice (Sterman and Weinberg, 1977; Shizuya
and Tye, 1978; Einhorn and Weeks, 1978) to show that distinct jets should exist, and
should become increasingly collimated with increasing jet energies. The angle §(E)
which defines the outermost angular distance from the jet axis at which any
appreciable hadronic energy is to be found is expected to decrease roughly as E-*.
There is also a suggestion that at very high energies, gluon jets should be somewhat
broader than quark jets, with

4/
S(S\u.on) ~ [5(@.0.&)] G
In principle, the hadronization could be calculatec in complete detail by

nonperturbative methods. This is akin to a complete solution of the confinement
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problem, for which practical techniques are not yet available. As a consequence, a
variety of models (Ali, et al., 1979ab, 1980; Hoyer, et al., 1979; Paige and
Protopopescu, 1980; Andersson, et al., 1983; Odorico, 1980ab, 1983; Mazzanti and
Odorico, 1980; Field and Wolfram, 1983; Gottschalk, 1983; Field, 1983) have been
constructed to simulate the evolution of partons into hadrons. Although they differ
in detail, all have the common feature that jets become easier to isolate at high
energies. This is in agreement with the observation that the jets observed in pp
collisions at /s = 63 GeV (Albrow, 1983) or in ete~ collisions at /s = 7.4 GeV
(Hanson, et al., 1975) are less distinct than those measured in pp collisions at /s =
540 GeV (Arnison, et al., 1983d; Bagnaia, et al., 1983a) or in e*e~ collisions at vs =
30 GeV (Mess and Wiik, 1983). The perturbative QCD prediction quoted above
encourages the hope that the situatiod will become still simpler at higher energies.

Jet studies in hadron-hadron collisions have traditionally been viewed as less
incisive than those carriéd out in electron-positron annihilations or in lepton-
nucleon scattering because of the added complexity of events. The SppS experience
indicates that, as hoped, the hard scattering events take on a much simpler aspect at
high energies, and there is no impediment to detailed analyses. We may therefore
expect to take advantage of the higher energies attainable in hadron-hadron
collisions and of the greater diversity of elementary interactions made possible by
our unseparated broad-band parton beams.

What will be the goals of jet studies at supercollider energies? Jets
unquestionably will constitute one of the major sources of conventional background
to new discoveries, so it is crucial that they be well understood, if only for
engineering purposes. For example, a thorough study of conventional sources of jets

- will be an important prelude to multijet spectroscopy, which may be an extremely
valuable search technique. It may even be possibl-e, in time, to use jets as a parton

luminosity monitor, as Bhabha scattering is used in e*e~ collisions. The study of
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hadronization and the investigation of differences between quark jets and gluon jets
benefits in an obvious way from high jet energies and from the possibility of tagging
(01; enriching a sample of) quark or gluon jets. Finally, tests of short-distance
behavior such as searches for evidence of compositeness, rely on an understanding of

the behavior anticipated in QCD.

B. Two-Jet Final States

_The reactions that may occur at lowest order (a?) in QCD all are two-body to
two-body processes leading to final states consisting of two jets with equal and
opposite transverse momenta. The cross section is conveniently written in terms of
the rapidities y, and y, of the two jet# and their common transverse momentum p,.
[Here and throughout this paper, we neglect the intrinsic transverse momentum

carried by the partons.] Itis

(a.) fe) T
5, ‘)f ot 4823, B /(v

(3.2)

where S = st is the square of the parton-parton subenergy. Defining

‘1‘ =—Lh‘1ﬂz) 3.3)

and

L
Yimest =2 L\W' Ya) @3.4)

we may write

~N

N
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#*
'1 {(3.5)

4pf 2
T~ i/ Cosh
S
and
."boos't
X,= VT e

- oot
X,= VT € Fooest (3.6)

Finally the invariants may be expressed in terms of

cos 8 = af1-4p7/§

?
(3.7)
the cosine of the scattering angle in tHe parton-parton c.m., as

N s
t= r (A- cesB) ,

s
F.3
w = =5 (1+cosB).

7 ( (3.8)

The sum in (3.2) runs over all parton speciesiandj.

The elementary cross sections have been calculated by many authors, and have
been summarized by Owens, Reya, and Gliack (1978). There are seven processes of
interest; we treat them in turn,

The scattering of quarks or antiquarks of different flavors proceeds by

t-channel gluon exchange, as shown in Fig. 3-1. The cross section is

~ oy A (324 E0)
TR s

(3.9)
Quark-antiquark annihilation occurs through gluon exchange in the direct-

channel, as shown in Fig. 3-2. The cross section is
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N ol i
TWToyGlmy e Y

~

(3.10)
The scatiering of quarks and antiquarks of the same flavor has both an
annihilation component and an exchange component, shown in Fig. 3-3. The

elementary cross section is

o R (3w 200

G"(‘[L c""?j.{a): 93 { 5 + 32 - 33%}‘
(3.11)

Two-gluon annihilation of a quark-antiquark pair occurs through the s-, t-, and

u-channel diagrams pictured in Fig. 3-4. The elementary cross section for this

process 1s '

A —— hdbor™ 1
givgy) =" 35
(3.12)
The cross section for the inverse process, for which the diagrams are shown in
Fig. 3-5, differs only in the color average (1/8% rather than 1/3%). Itis
2,72 Al .
. _ 3o (40 ( 4 { } :
Tl93—=9%)= T g8 3R 8

(3.13)
The scattering of a gluon from a quark or antiquark is driven by the s-, t-, and
u-channel exchanges shown in Fig. 3-6. The cross section may be expressed as

. 43(§*+a*>{1 _ 4 }
lgg—~99)=" 3 |3~ GEa|

(3.14)
Gluon-gluon scattering proceeds by a contact term in addition to gluon

exchanges in s-, t-, and u-channels (see Fig. 3-7). The elementary cross section is
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. iy, o 3L s%&.
33799 = 3 1°7 & g

i
.

(3.15)

Before Eq. (3.2) can be evaluated, we must fix the scale M? appearing in the
structure functions and the scale Q2 at which ¢ (Q?), the running coupling constant
of the strong interactions, is determined. If QCD perturbation theory is to apply,
these scales should be characteristic of the hard scattering process. Several
alternatives (among them %, t, 4, p 2 oor 28t/(82 + B+ (%) suggest themselves.
Different choices, including different values for M? and Q?, lead to cross sections
which may differ by 20% in the kinematical regime of interest to us.

At lowest order in perturbation theory the choice is ambiguous because, as is
well known (Hinchliffe, 1982; Lepage., 1983), any shift in M? or Q? induces terms in
a;; of order o’ and these are being neglected. The O(as”) corrections to o; are known
only for the reaction q,q; — q; (R. K. Ellis, et al., 1980; Stominski, 1981), where
they are large and positive. These corrections are reduced by the choice of small
values of M2 and Q2 Having chosen a scheme in which the o corrections are
relatively small, one is left to hope that successive terms in the perturbation
expansion will be small, so that the Born term at O(e,?) will give a good

approximation to the exact all orders result. We make the choice
2 iy 2
M'=Q= ¢, /4

(3.16)
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for all high-p, processes; as a consequence of this reasonable but arbitrary choice,
t.he‘(_:ross sections we quote will be uncertain by 20%, even if the parton distributions
a.ré known exagtly. With these caveats, we now present our results,

We first show the one-jet differential cross section da/dp dyl _, for pp
collisions, at c.m. energies of 10, 40, and 100 TeV in Figs. 3-8-3-10. The figures show
separately the contributions of gluon-gluon final sfates (gg — gg and qq — gg, dot-
dashed lines), gluon-quark final states (gq — gt'cf,dotted lines), and quark-quark final
states (‘Eﬁi’—»‘c’iﬁ)and gg eﬁﬁ:dashed lines). In our calculations we have included six
quark flavors, without any threshold suppression. Over the kinematic range of
interest, this approximation leads to negligible errors in the rate estimates. At
small transverse momentum the two-gluon final state dominates. This is a
consequence of the large cross sectior? (3.15) for the reaction gg — gg and the large
gluon distribution at small values of x (cf. Fig. 2-5). Asp increases, the gluon-quark
final state grows in importance, and at the very largest values of p, the two-quark
final state dominates. At 900, the two-quark regime is essentially unreachable. For
an integrated luminosity of fidtv = 10%%cm~? at 40 TeV, we expect fewer than 1
event per year per GeV/cof p, per unit of rapidity in this region.

Figure 3-11 shows the effect of a change in the distribution functions (to Set 1,
with A = 200 MeV) at /s = 40 TeV. The resultant change is quite small: a 10%
decrease atp, = 1 TeV/c. While we cannot be certain that this represents the widest
variation to be expected from changes in the parton distributions, it does give us
confidence that reasonable changes in the distributions will not lead to wild
variationsin the conclusiens.

Proton-proton and proton-antiproton jet cross sections at 90° are essentially
equal at /s = 10 TeV, and of course at higher energies. The proton-antiproton cross
section is plotted in Fig. 3-12, to be compared with Fig. 3-8. For completeness we

show in Figs. 3-13 and 3-14 the jet cross sections in Ppp collisions at 540 GeV and 2
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TeV. At these lowvalues of p, the results are slightly more sensitive to the different
setl,s.-bfdistribution functions. The differences can be seen by comparing Flg 3-13(a)
(Set 2) and Fig. 3-13(c) (Set 1). There we have plotted recent data from the UA-1
experiment (Arnison, et al.,, 1983d) and the UA-2 experiment (Bagnaia, et al., 1983a,
1984). The errors plotted there are statistical only. For the UA-1
data, there is in addition a £7.5% uncertainty in the p  scale which has the effect of
an overall normalizatidn uncertainty of a factor of (1.5)*!. The overall additional
systematic uncertainty in the UA-2 data is 140%. The precise agreement between
the data and our calculation is thus better than one has a right to expect. If the scale
Q?is increased say to p, ? then the cross-section falls slightly. This can be seen in
Fig. 3-13(b). This effect is less important at higher energies.

The presence of t-channel and u-'channel poles in the elementary cross sections
Gij means that at fixed values of §, the cross sections are peaked in the forward and
backward directions in the parton-parton c.m., which is to say at large values of y*,
For a fixed value of p, the mean values of x, and x, increase at large values of y*.
The consequent fall in the parton distributions tends to reduce the peaking in the
elementary cross sections. Figures 3-15-3-20 show the quantity do/dp dy, dy* for
fixed values of Yioost a0d P,. As y, ., increases for fixed values of y* and p, x,
increases and x, decreases (cf. Egs. (3.5) and (3.6)). Because of the rapid decrease of
the parton distributions at large x (faster for gluons than for valence quarks), this
causes the cross sections to fall, and moreover changes the relative contributions of
different final states.

This effect is exhibited in Figs. 3-15-3-17 for p, = 1 TeV/e. Aty, . = 0, the
gluon-gluon final state dominates in the neighborhood of y* = 0, butaty, _ = 2the
gluon-quark final state dominates over the entire rapidity range. As bothy, . and
p, increase further, the two quark final state becomes dominant at large values of

y*, asillustrated in Fig. 3-18 fory, .. = 0.5 and p, = 8.5 TeVic.
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Figures 3-19 and 3-20 enable a comparison of jet production in pp and pp

coll_jsions. As for the integrated cross sections, the differences are not gross.

| The ability to select different final states by varying rapidity and transverse
momentum coﬁld be of great importance. As we remarked in the introduction to this
Section, a complete description of hadronization in QCD has not yet been achieved.
For the moment we have perturbative suggestions, but do not know the
consequences of nonperturbative effects. In addition to the results on jet size
mentioned in §ILA, perturbative QCD indicates that gluon jets should yield a
higher hadron multiplicity than quark jets (Mueller, 1983ab; Furmanski, et al.,
1979).

The experimental sample at present consists of predominantly quark jets from
e*te~ annihilations and a mixed sample from the CERN collider. The exact nature of
the mix is in principle dependent on the structure functions. As can be seen from
Figs. 3-13(a) and 3-13(c), at any given value of p;, the mix is quite similar at 540
GeV for the two sets of structure functions we consider. A preliminary comparison
between e*e~ jets and CERN collider jets (Arnison, et al., 1983e) reveais no overt
differences. In order to make anbincisive comparison, it is essential to remove from
the putative large -p, jets particles associated with beam fragments in pp collisions.
Any procedure for assigning particles to beam jets and to high-p, jets necessarily
introduces ambiguities into the resulting fragmentation function at small values of

z=z B /E. , and will particularly affect the determination of multiplicity.

hadron” " jet?

Complementary data from a common source (e.g. gluon jets from e*e~ — toponium —
geg or a clean sample of quark jets in p*p scattering) would greatly advance the
study of hadronization.

Another interesting observable is the distribution of two-jet invariant masses

WL .If we constrain the rapidities of both jets to lie in the interval
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~Y < <
Y SV YT X y -
o (3.17)
Then the invariant mass spectrum is given by

an _ TTMT i
dm \[;fd‘i" "mn Z (-""6{6)3 003\\ '1

l.

50,1018 T, 10 8,31,0)

) ) Y
+5% (X%H")S'L (X;)ﬂ") Q"‘_-bts,u’t)\ ? (3.18)

where

Yuin = o ('\f; eg T~ '11) )

Yowy = W0 (N;80qT - 4s ). (3.19)
The restriction to central rapidities is necessary to avoid the “collinear” singularities
arising from t-channel and u-channel poles in 6.‘]., as well as to circumvent the
experimental difficulty of particles associated with jets escaping down the beam
pipe.

Figures 3-21-3-23 show the mass spectra do/dM with Y = 1.5 for pp collisions
at 10, 40, and 100 TeV using the parton distributions of Set 2. Again we have plotted
the contributions of the gluon -gluon, gluon-quark, and quark-quark final states.
The results are changed by less than 10% over the range shown if the parton
distributions of Set 1 are used, and there is little difference at these energies between
pp and Pp collisions. In Figs. 3-24 and 3-25 we show the two-jet mass spectra for pp
collisions at 540 GeV and 2 TeV, with a tighter rapidity cut given by Y = 0.85 Also
shown in Fig. 3-24 are the data of the UA-2 experiment (Bagnaia, et al., 1983a). As
in the case of the transverse momentum cross sections of Figs 3-13(a) and 3-13(c), the

dependence on structure functions is rather mild. Considering the +40%
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normalization uncertainty carried by the data, the agreement is quite satisfactory.
Theée jet-jet mass spectra represent a background for any new particles, such as new
gauge bosons or Higgs bosons, that decay into jet pairs. We shall refer to them in

assessing the observability of new phenomena.

C. Multijet Phenomena

At order a® in QCD occur two-body to three-body subprocesses such as gg -
ggg which can give rise to three jets with large transverse momentum. Because of
the kinematical richness of this topology (5 independent variables for the 2 — 3
reaction plus one for motion relative to the lab frame), a full simulation is for many
purposes indispensable. However, mdre restricted calculations have great value for
orientation, and we will restrict our attention to questions that may be addressed
without Monte Carlo programs.

In order to describe the elementary reaction, it is convenient to label the
momenta of the participating partons as indicated in Fig. 3-26 and to use the
coordinates introduced by Sivers and Gottschalk (1980). We work in the c.m. frame

of the 3-jet system, defined by the condition

P,+p.2+P3=O.

In this frame the energies of the individual jets may be written as

(3.20)

E,= x,M/2, #=123
(3.21)

where M= /Sand 0s X, s 1,so0that
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(3.22)
.+ The normal to the plane defined by p,, p,, p;, makes an angle 6 with the beam
d.il-'ection. The azimuthal orientation of the normal is specified by the angle ¢. The

four-momenta of the incoming and outgoing partons may be expressed as

o= mf(\; sin B eos P, sinBsn?) cesB),

b= (1=J ~3nmBcas?, ~5inBsn? -sO),

2 (3.23)

.= X, M1; 0058, 5tn8,,, 0),
2

A

b= 20 (1; casBi3, ~sin b5 ,0),

where 8, ,, the angle between p, and p,, is given by

QDSBU_ =i~ 2(%4&‘" ;ﬁ_"‘)/ Rk. _§(L .
(3.24)

An additional variable is needed to completely describe the system. An apt choice is

the rapidity

Yot = o+, +4s)/3

(3.25)
of the 3-jet system in fhe c.m. frame of the colliding hadrons.

After these preliminaries, we may write the 3-jet cross section as
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d- ) «Ste%z L
d§1d§2dqboostdmdﬂ- BTC-”[ ia (1+a;’b)

800 M0 £ T ) A+ 9700 0 5, MR 5

(3.26)
where 1 = MZ/s and as usual
Xy = T e Yboost ,
Xp = ﬁ e""fboort .
3.27)

The quantity A, is the absolute squdre of the invariant amplitude for the process
depicted in Fig. 3-26. The matrix elements for the processes of interest have been
given in compact form by Berends, et al., (1981).F!
There are four basic processes to be considered.

For the elementary reaction

T (PIalP) = Qulpdrgalp ) +5(ps),  m2n

(3.28)

the result is

A'-'-'- F(P'” Ya’ ?1’11)?—5))

(3.29)

where

F1 The more complicated formulae given by Sivers and Gottschalk (1980) contain

errors. Some of their amplitudes do not exhibit the required crossing symmetries.
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F(kb7‘ké ) ‘hh k1) ‘hg) -

- (849 (85-E-0) 2 (G )+ 20t

(3.30)
with
C,= 1b/27, C.=2/2%,
'knrm = ‘k’m. k"
S= (f;+%; )z’ ' s =(k,+%, f')
t=(Ri-2a Y, t'= (-t
~ 2 ) 2
w= ('k‘,""k}_)n 3 W= ("1— 'hn‘) . 3.31)
For the scattering of identical quarks,
on () + Zon (9 )= G (p) + G (p2) + 3(P3),
(3.32)

the exchange terms make for additional complexity. In this case the resultis

A= F"( P EJ?“? ?L,Ys);

(3.33)

where
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{6 IR+ X35 - 2 -0uw) + 21 (Ged) #2000 (R4t")]

+

QTR (3-EE-0) - 2h¢ (v u) ~ 28 (Bat)
Cq

-3GO - 25 B+t

(3.34)
with
Cs'=10/84,
(3.35)
For the three-qgantum annihilation reaction
Gnlpd Gm(p;2 = (g *9(p2)+3(ps),
(3.36)
the square of the amplitude is
(3.37)

{
where
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‘kbg ‘k-tt ({'A-f.. + *—al-
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31 [[;6,33)&3,12) (i) 4Lig523) ha,zU(thS)]}
iz oz LIV TP RER TR T
(3.38)

(L] n) = &g kg + Rinky

(3.39)
Finally, for gluon-gluon scattering
[
q(ga) + 9(p) = glg0) + 9(.2+ §(¢ps)
' (3.40)
the result can be written as
A= th‘)"%z f1, {2 ?"-’*)l

Q.41)

where
Gk, o o) = u.o TT ~ 2 (1j123),
pram3

(3.42)

with

(.t‘ai?.?») = klak{xku,‘aﬂtﬁ .

(3.43)
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The squared matrix elements for all the other 2 — 3 reactions may be obtained
| frqm’ these results by crossing symmetry. They are listed in Table 3.1. Notice that
symmetry facters have not been included when there are identical particles in the
final state.

For the numerical results presented below we assume that the detector does not -
distinguish between quark or antiquark jets and gluon jets. Asaresult, we sum over
the contributions for all permutations of the final-state momentum asignments to
distinguishable particles. We have chosen the scales appearing in (3.26) as

" = M*= Mm¥/ 4;
(3.44)
as noted in §111. B, they are undetermined to this orderin a_

The three-jet cross section becon:es singular as ﬁk, the fractional energy of any
jet in the c.m. frame of the 3-jet system, approaches zero or one. In the former case
the zero-energy jet cannot be distinguished. In the latter case the remaining two jets
become parallel and coélesce. Either configuration will be identified as a two-jet
event.

The most characteristic three-jet events are those in which three jets of equal
energies are emitted at 90° in the colliding beam c.m. frame. In terms of the
kinematic variables introduced above, this corresponds to the parameter values il =
X, = %, = 2/3, ¥, = 0,and 8 = 0. We show in Figs. 3-27—3-30 the differential
cross section do/dg dX, dy, . dM d(cos 8) for this symmetric configuration at four
cgllider energies. [In this situation the cross section does not depend upon the
azimuthal angle ¢, so the ¢-integration has been performed.] In events of this kind,

the total transverse energy is

(3.45)
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One measure of the relative importance of two-jet and three-jet events may therefore
be gbtained by comparing the symmetric three-jet cross section with do/dp, dy! =0
for £he two-jet case, evaluated atp, = W/2. This amounts to comparing two-jet and
three-jet events wth the same transverse energy. To make the comparison, it is
necessary to integrate the three-jet cross section over appropriate intervals in &, §2,
and cos 8. Typically one finds that at the same value of E, the two-jet cross section
is larger by one to two orders of magnitude than the three jet cross section. Of
course, this particular 3-jet configuration is in some sense the smallest, since the 'fci
are well away from the singular regions.

The contributions from the distinct final states (ggg, g2, ¢85, and F§8) are
shown separately in the figures. At values of M small in comparison with /s,
corresponding to parton momentum factions

Xq = xp = MNs <=1, (3.46)
the process gg - ggg dominates. Just as in the two-jet events, the final state consists
almost exclusively of gluon jets. As PLincreases, the process gq — ggq becomes
important and eventually dom“inant. The three-quark final state is always
negligible. Because of the preeminence of gg and gq collisions, differences between
pp and pp collisions at the same energy occur only at the 10% level.

Some insight into the variation of the cross section with :'El and :'L_, may be
gained from Fig. 3-31, which shows the differential cross section du/d?:ldﬁzdybmt
dMd(cose) at ;‘1 = 0.3 and §2 = (.8 (so that :?3 = 0.9), still with y,_ = 0 and cosé =
1, for pp collisions at 40 TeV. Thisis close to the limiting situation in which the third
jet ceases to be identifiable. The cross section is larger by about a factor of three than
for the symmetric configuration, and the three-jet to two jet ratio is correspondingly
larger, but the relative importance of the different final states is essentially

unchanged.
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As the plane of the three jets approaches the beam direction with other
| kingmatic variables held constant, the cross section increases, as shown in Fig. 3-32.
This results from the approach to the collinear singularitiesin A att = 0, ete.

To determine more meaningfully the dependence of the cross section upon the
orientation of the event plane we must impose some experimental cuts to ensure that -
all the jets are distinct. As an example we show in Fig. 3-33 the three-jet cross
sectionaty, . = 0and B = 1 TeV/c?, subject to the requirements that each jet has
an energy of no less than 50 GeV, and that the angle 8 __ between any pair of jets or
any jet and the beam direction exceeds 18° so that cosé__ < 0.95. These cuts ensure
that no jet will be confused with the normal, low-p, beam jets, and also cut off the
rise of the cross section as cos8 — 0. The resulting cross section is concentrated
around cos® = 0.35. '

We can compare two-jet and three-jet contributions to do/dE. dy as follows.
First, consider the intervzil 0.9 = cos® < 1 in Fig. 3-33. The inte'grated cross section
in this bin is approximately 7 x 103 nb/GeV, at E; ~ 1 TeV. From Fig. 3-9 we find
the corresponding two-jet cross section (at p, = 0.5 TeV/c) to be about 7 x 10-2
nblGeV, which is larger by an order of magnitude. Let us next consider the cross
section in the neighborhood of the peak in Fig. 3-33. The integrated cross section in
the bin 0.3 < cosé = 0.4 is approximately 0.1 nb/GeV, with transverse energy given
roughly by <E.> ~ 1 TeV <cos8> = 350 GeV. The corresponding two-jet cross
section, again from Fig. 3-9, is approximately 10 nb/GeV, which is larger by two
orders of magnitude. In fact, we have certainls.r underestimated <E,> and thus
s;)mewhat overestimated the 2-jet/3-jet ratio in this second case.

We draw two conclusions from this very casual analysis:

® At least at small to moderate values of E, two-jet events should account for

most of the cross section.
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® The three-jet cross section is large enough that a detailed study of this
Vi topology should be possible.
It 1s apparent that these questions are amenable to detailed investigation with the
aid of realistic Monte Carlo simulations. Given the elementary 2 — 3 cross sections
and reasonable parametrizations of the fragmentation functions, this exercise can be
carried out with some degree of confidence.

For multijet events containing more than three jets, the theoretical situation is
considerably more primitive. A specific question of interest concerns the QCD 4-jet
background to the detection of W*W- pairs in their nonleptonic decays. The cross
sections for the elementary 2 — 4 processes have not been calculated, and their
complexity is such that they may not be evaluated in the foreseeable future. It is
worthwhile to seek estimates of the®four-jet cross sections, even if these are only
reliable in restricted regions of phase space.

Another background source of 4-jet events is double parton scattering, as
shown in Fig. 3-34. If all the parton momentum fractions are small, the two
interactions may be treated as uncorrelated. The resulting four-jet cross section

with transverse energy E, may then be approximated by

e+t Er-& 7 _
GEn = Se dEry Sa ok, G (Ex) %u(-i:) O(EytEr2~Er)
t

(3.47)
where o,(Ep;) is the two-jet cross section and ¢ denotes the minimum E_ required for a
discernable two-jet event. For a recent study of double parton scattering at SppS and
Tevatron energies, see Paver and Treleani (1983).
In view of the promise that multijet spectroscopy holds, improving our

understanding of the QCD background is an urgent priority for further study.
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D. Summary

We conclude this Section with a brief summary of the ranges of jet energy
which are accessible for various beam energies and luminosities. We find essentially
no differences between pp and Pp collisions, so only pp results will be given except at
Vs = 2 TeV where Fp rates are quoted. Figure 3-35 shows the E range which can be
explored at the level of at least 1 event per GeV of E; per unit rapidity at 90° in the
c.m. (compare Figs. 3-8 —3-10, 3-14). The fesults are presented in terms of the
transverse energy per event E,, which corresponds to twice the transverse
momentum p, of a jet. In Fig. 3-36 we plot the values of E; that distinguish the
regimes in which the two-gluon, quark-gluon, and quark-quark final states are
dominant. Comparing with Fig. 3-35,’We find that while the accessible ranges of E;
are impressive, it seems extremely difficult to obtain a clean sample of quark jets.
Useful for estimating trigger rates is the total cross section for two jets integrated
over E;, (=2p ) > Et,for both jets in a rapidity interval of —2.5 to + 2.5. This s

shown for pp collisionsin Fig. 3-37.



.22

Table 3.1: Squared matrix elements Aij of Eq. (3.26) for 2 —» 3 processes in QCD.
The labels m and n refer to quark flavors; repeated indices are not summed. The
results are averaged over initial-state spins and colors, and summed over final-
state spins and colors. The functions F, I G, and H are defined in Eqgs. (3.30),
(3.34), (3.42), and (3.38), respectively.

Process
A,
ij— 123
¢

9,9, 9,98 F(p, pp Py Por Py)
99 = InmE F(p, Py P1» Py Py)
9.4, 4,.3.8 , F(p, p» —P;, —P; By
Ul —* Dol F(p, —p; P =P, Py
U~ 94308 F(p,—p;, —P; P Py)
98 ~ 9 9.4q (~3/8)F(p, —Py Py» Pp» — P}
908 = 9 Qe (~3/8)F(p, —py Py Pp —P)
g8 — 888 G(p, p; Py Py Py
A = EE8 . H(p, p; P> P Py
98 ~ 9,88 (—3/8)H(p;, —py —P) P» Py

g8~ q,0,.8 (9/64)H(—p,, ~p,, =P, —P; P3)
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Lowest-order Feynman graph for the reaction qq; — qq; (or Q3 94,
i #)inQCD. |
Lowest-order Feynman graph for the reaction qg, - qg, i # j, in
QCD.

Lowest-order Feynman diagrams for the reaction qg, —»q,q, in QCD.
Feynman diagrams for the reaction q.g, - gg, in lowest-order QCD.
Feynman diagrams for the reaction gg — q,q, in lowest-order QCD.
Lowest-order Feynman diagrams for the reaction gq — gq {or gq - g3)
in QCD.

Lowest-order Feynman diagrams for gluon-gluon elastic scattering in
QCD.

Differential cross sectiod (solid line) for jet production aty = 0
(90°.m.) in pp collisions at 10 TeV, according to the parton
distributions of Set 2. The gg (dot-dashed line), gq (dotted line), and
qq (dashed line) components are shown separately.

Differential cross section for jet production at y = 0 (90°%c.m.) in pp
collisons at 40 TeV, according to the parton distributions of Set 2.
Differential cross section for jet production at y = 0 (90°c.m.) in pp
collisions at 100 TeV, according to the parton distributions of Set 2.
Differential cross section for jet production at y = 0 (90° c.m.) in pp
collisions at 40 TeV, according to the parton distributions of Set 1.
Differential cross section for jet production at y = 0 (90° c.m.) in pp
collisions at 10 TeV, according to the parton distributions of Set 2.
Differential cross section for jet production at y = 0 (90° c.m.) in Pp
collisions at 540 GeV, (a) according to the parton distributions of Set 2;

(b) with the scale Q* = M? = Pﬁ; {(c) according to the parton
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Fig, 3-15:

Fig. 3-16:
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Fig 3-20:
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distributions of Set 1. The data are from Arnison, et al., (1983d) and
from Bagnaia, etal., (1983a , 1984).
Differential cross section for jet producﬁion aty = 0(80° c.m.) in Pp
collisions at 2 TeV, according to the parton distributions of Set 2. '
Differential cross section for jet production in 40 TeV pp collisions,
fory, . = 0andp, = 1TeV/c, according to the parton distributions
of Set 2.
Differential cross section for jet production in 40 TeV pp collisions,
fory, . = landp, = 1TeV/c, according to the parton distributions
of Set 2.
Differential cross section for jet production in 40 TeV' pp collisions,
fory, .=2andp, =1 ‘I‘eV/c, according to the parton distributions
of Set 2.
Differential ;:ross section for jet production in 40 TeV pp collisicns,
for y, ..., = 0.5 and p, = 8.5 TeV/e, according to the parton
distributions of Set 2.
Differential cross section for jet production in 40 TeV pp collisons, for
Yoo = 0 @nd p; = 3 TeV/e, according to the parton distributions of
Set 2.
Differential cross section for jet production in 40 TeV pp collisions, for
Ypooee = 0 and p, = 3 TeV/c, accordipg to the parton distributions of
Set 2.
Invariant mass spectrum for two-jet events produced in proton-proton
collisions at v's = 10 TeV, according to the parton distributions of Set
2. Both jets must satisfy |y] < 1.5.
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Fig. 3-26:
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Fig. 3-28;

Fig. 3-29:
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Invariant mass spectrum for two-jet events produced in proton-proton
collisions at Vs = 40 TeV, according to the parton distributions of Set
2. Both jets must satisfy |yf < 1.5.

Invariant mass spectrum for two-jet events produced in proton-proton
collisions at v/s = 100 TeV, according to the parton distributions of Set
2. Both jets must satisfy |y| < 1.5.

Invariant mass spectrum for two-jet events produced in proton-
antiproton collisions at /s = 540 GeV, according to the parton
distributions of Set 1. Both jets must satisfy |y| < 0.85. The data are
from Bagnaia, et al. (1983a, 1984); errors are statistical only.
Invariant mass spectrum for two-jet events produced in proton-
antiproton collisions al /s = 2 TeV, according to the parton
distributions of Set 2. Both jets must satisfy |y| < 0.85..

A generic 2 — 3 process in QCD.

Differential cross section (thick line) for symmetric 3-jet production in
Pp collisions at 540 GeV, according to the parton distributions of Set 2.
The ggg (dot-dashed line), ggq (dotted line), qgg (thin line), and
qqq {dashed line) components are shown separately.
Differential cross section for symmetric 3-jet production in Pp
collisions at 2 TeV, according to the parton distributions of Set 2.
Differential cross section for symmetric 3-jet production in pp
collisions at 10 TeV, according to the parton distributions of Set 2.
Differential cross section for symmetric 3-jet production in pp
collisions at 40 TeV, according to the parton distributions of Set 2.
Differential cross section for production of 3 jets at 90° in the c.m. in pp

collisions at 40 TeV, according to the-parton distributions of Set 2.

The energy fractions of the three jets are & = 0.3,%, = 0.8, %, = 0.9.
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Dependence upon the orientation of the 3-jet plane of the differential
cross section for symmetric 3-jet production in pp collisions at 40 TeV,
according to the parton distributions of Set 2. The invariant mass of
the 3-jet system is L = 1 TeV/cZ.

Three-jet cross section in 40 TeV pp collisions integrated over azimuth
and the energy fractions X, and %,, subject to the restrictions described
in the text. The 3-jet invariant massisM = 1 TeV/cZ

Four-jet topology arising from two independent parton interactions.
Discovery reach of hadron colliders for the observation of two-jet
events, according to the parton distributions of Set 2, for integrated
luminosities of 108, 103 and 10* ¢m~2.

Parton composition of the*two-jet final states produced in pp collisions
at 90° in the c.m. The curves separate the regions in which gg, gq, and
qq final states are dominant.

The total cross section for two jets integrated overy, ;and ¥, and

E. (=2 p,) subject to the constraints |y|, ly,] < 2.5, E;> E1,as a
function of Et, for various Vs, according to the parton distributions of

Set 2.
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IV. Electroweak Phenomena

In this Section we discuss the supercollider processes associated with the

standard model of the weak and electromagnetic interactions (Glashow, 1961;

Weinberg, 1967; Salam, 1968). By “standard model” we understand the SU(2)L®.

U(1)y theory applied to three quark and lepton doublets, and with the gauge

symmetry broken by a single complex Higgs doublet. The particles associated with

the electroweak interactions are therefore the (left-handed) charged intermediate

bosons W*, the neutral intermediate boson Z°, and an elementary Higgs scalar HP.

The principal standard model issues to be addressed with a multi-TeV hadron

collider are these:

’
® The rate of W* and Z° production. This is chiefly of interest for

investigations of the production mechanism itself and for the study of rare
decays of the intermediate bosons. We expect that by the time a
supercollider comes into operation more basic measurements, such as
- precision determinations of the masses and widths of the intermediate
bosons, will have been accomplished.

The cross sections for pair production of gauge bosons. These are sensitive
to the structure of the trilinear couplings among gauge bosons, and must be
understooci as potential backgrounds to the observation of heavy Higgs
bosons, composite scalars, and other novel phenomena. They would also be
influenced significantly by unconventional strong interactions among the
gauge bosons (Veltman, 1983).

The Higgs boson itself. In the standard electroweak model, this is the lone -

boson remaining to be found. As we have emphasized in the Introduction,
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elucidating the structure of the Higgs sector is one of the fundamental goals

.« ofexperimentation in the TeV regime. |
We now shall treat in turn the cohventional phenomena associated with the
standard model. For each of them we shall briefly review the physics interest and
discuss the anticipated rates. In the case of the Higgs boson, we shall pay particular
attention to the prospects for observing and making sense of the expected

experimental signatures.
A. Dilepton Production

In the context of the 1 TeV scale, the reaction
F* p AYLS it anything
(4.1)
is chiefly of interest as a source of background to searches for heavy quarks and other
objects and as a window on perturbative QCD calculations. The elementary process
we consider is the lowest-order ijell—Yan (1970,1971) mechanism,
97 = Yo 1L
_ (4.2)
illustrated in Fig. 4-1. The differential cross section for the production of a lepton
pair with invariant mass M in the reaction a+b — £ ¢~ + anything is given by

do _ BTCO(Z z
dMdx (3»43 Flz,x, M%),

(4.3)

where the function
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Xa Xp
Flt,x,M*) = 7= 2 G(Xa,%,, M?)
) 3. (x*+4t) 3 27k (4.4)
~ depends upon the scaled variables
T= M%/s s
and
- {e.m.)
X = ZF“ /s
(4.6)
in the combinations
. - -I_ 2 03 °
x‘,b =7 [(K +4T.') + XJ R 2.8)

Information about the quark-antiquark luminosity is contained in the function
.

) ») 2
§lta e, 1= o 7 €2 L8 Tx MO Gt + 6 e b5 b )
. s.[a.vof‘ . (4-7)

4

where e, is the charge of quark ﬂa#or i in units of the proton charge and f* (x, Q?) is
the number distribution of i-quarks in hadron a. The factor 1/3 is a consequence of
color: the quark and antiquark that annihilate iﬁbo a virtual photon must have the
same color as well as flavor. 7

In high-energy collisions it is frequently convenient to work in terms of the

c.m. rapidity variable

(4.8)

which is related to x, x,,and x, through

x= 2T sinh 45 4.9)
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' +
_.,." Xq,v, = ’/‘E‘ e L .
(4.10)
The differential cross section is given by
Ar  _ (Pehe)* do
d\-’\d\1 dMdx
= ‘l 2
) g W, e, v
(4.11)

The integrated cross section for dilepton production is

do- Brea® '(1 dx gq{x, t/x, M?)
-3-5—' L4 x 4

ddiz
81“ ) 'Z € (r dt / (4.12)

Apart from the gentle M dependence of the differential luminosity which arises from
scaling violations in the parton distributions, the quantity M3do/dM is a function of
the dimensionless variable calone. Although there are important strong-interaction
corrections to the parton model for this process, the scaling behavior has been
established experimentally to good approximation.F!

At the masses which have been accesible in experiments to date, the virtual
photon mechanism of Fig. 4-1 is an adequate appfoximation. At higher masses it is
necessary to include the contributions of a real or virtual neutral intermediate boson

in the elementary process

F! See, for example, the data compiled in Fig. 7-15 of Quigg (1983).



V.5

) 95— Z'— AV
| (4.13)
This may readily be done by making the replacement '
et — ot MI(M-MI)(Let+Re)l+Ry)
' T Bxw(l-xw (M-ME)+ M2 1]
M4(|-e +Re )(Lq ﬁ?.)
"G, U Y IS M )
(4.14)

in the definition of g(x, x,, Q) in Eq. (4.7), and in Eq. (4.12). Here the chiral

couplings of the neutral weak current are
’

Le= 2x,, -1 }
Kg = 2x.

 (4.15)
for the electron (or sequential charged lepton) and
Li = 1:3 - Zei X
Ry = —2¢x. (4.16)

for the quarks, where i, is the weak isospin projection of the quark and x, = sin’,,

is the weak mixing angle. In the standard model, the width of the Z°is

3 2
[y = G";é 5(1-22‘“' +§';: *D,

(4.17)

where D is the number of kinematically accessible quark and lepton doublets and
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= M /l1-x.)= F\/” (1-%r)

= (3.3 Ge\//c")z/xw (1-Xw ).

(4.18)
With x,, =#82% and D = 3, we expect
~ 2
M= 490 Gevie (4.19)
and
The partial width into charged lepton pairs is
(=0 ) = GFM‘ (1- 4x + 8x4)
12 '\/—
= (1-4x,,+ Ex3 ) (2> vD).
(4.21)

With x'w = 0.22 and D =3, the branching ratio .into a pair of electrons, muons, or
tausin approximately 3%.

We display in Fig. 4-2 the quantity du/dey|y=0 for pp collisions at c.m.
energies of 2, 10, 20, 40, 70, and 100 TeV. The cross sections shown are based on the
parton distributions of Set 2. In general we shall present results only for Set 2,
unless the two sets yield significantly dif‘ferent‘cross sections. For an integrated
luminosity of 10* em~2, we anticipate a yield of 1 event per GeV/c? per unit rapidity

for
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( 300 GeV/e? at J5'=2 TeV
500 GeV/c? at 5= 10TeV
M < €00 Gev/er at Vs = 20 TeV
700 GeV/c?, at V5 = 40 TeV
800 GeVk®, atVs=70TeV (4.22)
L850 GeV/:, at ¥5'= 100 TeV

The energy dependence of the cross section, and thus of the maximum attainable
pair mass, can readily be inferred from the contour plot Fig. 2-63 of the rate of Tu
interactions in pp collisions, using th& connection of Eq. (4.12). The Drell-Yan cross
section for Pp collisions is reported in Fig. 4-3. The yields are slightly, but not
significantly, higher than those expected in proton-proton collisions.

The Drell-Yan mechanism operates for the pair producti'on of any pointlike
charged lepton. If the lepton mass m, is not negligible compared to the pair mass M,
there is a kinematical suppression of the cross section in the form of an additional

factor (1-4m, *M?%)"? (1 +2m, */M?). Thisis discussed in detail in Section 5.

Within the framework of QCD there are additional contributions to dilepton

production, such as the elementary process
g+q— (YorZ)+q
Lostrm |
, (4.23)
as well as strong-interaction corrections to the basic Drell-Yan mechanism.

Although these do not alter our conclusions qualitatively, they do have interesting

consequences for the rate, the transverse momentum distribution, event topology,
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and other features. The state of the art is summarized in the workshop proceedings
| ed_ipéd by Berger, et al. (1983).

B. Intermediate Boson Production

The intermediate bosons of the standard model, which set the scale for the-
current generation of colliders, will still be of interest at a supercollider for
calibration and backgrounds, and for the study of rare decays. The conventional
expectations for the discovery of the intermediate bosons were set out in detail in
papers by Quigg (1977) and by Okun and Voloshin (1977). An up-to-date review has
been given by Ellis, et al., (1982). The first observations of the W* and Z° have been
reported by Arnison, et al., (1983ac), Banner, et al. (1983), and Bagnaia, et al. (1983b).

We recall that in the standard’model the mass of the charged intermediate

boson is given in lowest order by

2 LA

MW = pr Xw
(323 GeVAe?)”

"

Aw
(4.24)
where x; = sin?,, is the weak mixing angle. The leptonic decay rate is
3
MwW—dv) = G.M, /67"
(4.25)

The partial widths for nonleptonic W* decays may be related at once to the leptonic

width as, for example
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[(WHsud )= 3e0s*6, I (w—Av)

2
4 — .
MW= y3) = 3sin*Q. I'(W—Lv) (4.26)
- where the factor of three accounts for quark colors. More generally, if D_ is the
number of color-triplet SU(2) doublets of quarks into which the intermediate boson

can decay, and D, is the number of energetically accessible lepton doublets, then the

total width is given by

P(W—sall) = (D,+3D,) P(W—>4v).

(4.27).
Here we have ignored quark masses and mixing angles.
For the weak mixing parameter
Xw =, 0.27 (4.28)
a plausible value, we find
= 2z :
Mw 24 GQV/C. (4.29)
and
C{w— Lv) = 250 MeV.
(4.30)

Consequently, for three doublets of quarks and leptons we anticipate a total width of

FwW—»all) = 2.2 GeV.
(4.31)

There are radiative corrections to these rhasses and widths in the standard
model which depend upon the masses of quarks and leptons (Marciano, 1979;
Antonelli, Consoli, and Corbo,' 1980; Veltman, 1980; Sirlin.and Marciano, 1981;
Wheater and Llewellyn Smith, 1982; Marciano and Senjanovic, 1982; Marciano
and Sirlin, 1983). In particular the ratio p = MWZ/MZZH - xw) deviates slightly
from one {Veltman, 1977; Marciano, 1979); this is used to constrain extra

generations of quarks and leptons in
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Section 5. The resulting values for the radiatively corrected masses are (Marciano
and Parsa,1982) M, = 83.9_,,*%%GeV/e? and M, = 93.8_, ,*?5 GeV/c".

The normalized angular distribution of the decay fermion is

r
%(1—@59)3 An= 1
I ﬁ L s,  Aw=o
A
-E—-T-t-:“"'wse)) 7\w=_’1
!

(4.32)
where 1, is the helicity of the W* and 0 is the angle between the lepton direction and
the W spin quantization axis in the W rest frame.

The cross section for the reaction

’
a+b — W + anTHq}ng
(4.33)
can be computed directly in the Drell-Yan picture. In this case the elementary

reactions are
1 -+
Ut+ do - W )
w—+deg —> W -)
‘ (4.34)

where dy= d cos 9, + ssin 8. The differential cross section is given by

0= G T W e T M)

(4.35)

where 1 = M%/s and
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+ | - N w X .
W )(x.,,x.., &)= GO )i (o, @)+ &:)(x.,a ) (3, 68)) 00526,

£l ) i- 6
w%i,_j”-,,,’(x..,cf’)5s (%, 817+ 5, )(x.,a‘)fu’(x.,al)'_\swec} .

(4.36)
Quarks and antiquarks are interchanged for W- production. The integrated W*

cross section isF?

q *) 2
— ' dx W (x,t/x, Mas)
0= G.mh'T L >

- eigﬁ [c%a_téus cos?, .. -cg_%u; sw@c_]

’
= 63nb T diuz .
4T (4.37)

Integrated cross sections for W* production in pp and Pp collisions are shown in
Figs. 4-4 and 4-5 as functions of the c.m. energy VsT The figures also show the cross
sections for production of W* in the rapidity interval between —1.5 and +1.5. In pp
collisions thez production of W- is suppressed relative to W+ by a factor of two or so
because of the smaller momentum fraction carried by down quarks compared with
up quarks. The cross sections for Wrand W~ production are necessarily equal in Bp
collisions. As in the case of dilepton production, the competitive advantage of

antiproton beams is important only for vt > 1/2.

F2 The subsequent formulae are given for only two generations of quarks and leptons.
The complete formulae are a trivial extension and were used in generating the

figures.
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The angular'distribution of the produced W's is of great importance for the
design of experiments, At supercollider energies, many intermediate bosons will be
produced within a narrow angular cone about the beam direction. Special-purpose
detectors deployed near the forward direction may have significant advantages for
the study of rare decays.F To illustrate this point we show in Fig. 4-6(a) the rapidity
distribution do/dy for W* production in proton-proton collisions at 40 TeV. The
mapping from rapidity to c.m. angles is given in Fig. 4-7. In a machine with an
average luminosity of 1033cm~2sec™!, there will be a flux of approximately 10
W+/second emitted within 2° of the beam direction, in each hemisphere. Similar
results for Pp collisions are shown in Fig. 4-8(a). The nearly complete alignment of
W spins, which provided a dramatic charge asymmetry in the CERN SppS
experiments at Vs = 540 GeV, is considerably diluted at these high energies where
much of the cross section is provided by annihilations of sea quarks and sea
antiquarks. (Compare, forrexample, Fig. 16 of Quigg (1977).] Figures 4-6 () and
4-8(b)show the net helicity of the produced W* at v’s = 40 TeV.

The analysis of single Z° production proceeds along similar lines, and is implicit
in our discussion of dilepton production where the expectations of the standard

model for mass and widths were given. The reaction

at+b— Z°+ anwfhinj
(4.38)

F3

We thank F. Sciulli for raising this possibility.
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proceeds via the elementary processes ul — VAN dd — Z9, etc. The differential cross

section may be written as

dr_ Ger T Z2(Fe JT!
du\ - NEY ’
‘ (4.39)

where ¢ = Mz2fs and

e 40,600 = ) {[&"’(xq, DF Lo @+ §; (0,875 1o, 8]

ey [+ gi]} (4.40)
The neutral current couplings L, and R have been given in (4.16). The integrated Z°

cross section is

T, = jdx Z(X T:/X Mg_)

Z° x

_iGTL' Z‘L‘di- Lt-:-ﬁ *]

= 3 L

~ 3.30nb (o SITELT 4 03STYLS ). )

Integrated tross sections for Z° production in pp and Pp collisions are shown in
Fig. . 4-9 for the distributions of set 2 and 4-10 for those of set 1. Again also shown is
the cross section if the Z is restricted to rapidity between +1.5 and —1.5. The Pp
cross section is larger by a factor of 5 at Vs = 0.54 TeV, but the advantage of Pp over
pp diminishes rapidly with increasing energy. It is only a 15% effect at Vs = 10
TeV. The rapidity distributions are similar to those anticipated for W* production.

The transverse momentum of the W's and Z's produced in the Processes
discussed so far is small, There are higher-order QCD processes which can
produce a W (or Z) with large transverse momentum (p, ), the p, being
balanced by a hadronic jet. The processes g +.q—W + q and q + §—W + g

are shown in Fig. 4-11., The cross
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sections are giveri‘by Halzen and Scott (1978). The cross section for producing a W*

with rapidity y is given by

7 ! 1 2y A A N
—Tjr = ZP.I- Z de; gf:&ha )fi'n(xha )T}_i(S,‘t,u) -

A z
{ b Ko %5 +u- My

(4.42)
where

- 2
t= _Jg"ml e +Mw 3
' 2
W= "“'\/:;'m_l_ 6'1 -+ MW’ 3
= an,_S)
, ST
= ﬂﬁx,n!\_l_e + Mw,

2 (4.43)
Ll“"\];xszel,'*‘Mw) . -

> W

>

with L s
m = p+ Mw >

A
3( = ""X.t"“—XI)Mw
= z
Xmin= —W /(S+t’—M:', ) ; (4.44)

and the partonic cross-sections are forq+§—->W+g

e (i Zr(E) [(E-M3) + G-m3)]
THHR = T, TIn

(4.45)
andforq+g->W+gqorg+g—-W+q
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A A 1-'\ A~
satay. mesle) [Fatad] | e
72 12 Xw -84 ‘
(4.46)
we have used Q2 = p,? in generating Fig. 4-12 which shows do/dp,dy|,_, asa

function of PL for various energies. For a recent thorough treatment, with specific
applications to SppS experiments, see Altarelli, et al. (1984).

The number of intermediate bosons produced at a high luminosity
supercollider is impressively large. At a c.m. energy of 40 TeV, for example, a run
with an integrated luminosity of 10*%m~2 would yield approximately 6 X 108 Z%s
and 2 X 10° W*’s. For comparison, in a high luminosity Z, factory such as LEP
A#2 X 10% cm~? sec!) the number of Z”s expected in a year of running is
approximately 107, While LEP is expécted to operate at least 5 years before a multi-
TeV hadron collider, there are conceivably some advantages in the high-energy
kinematics for some Speciél purposes. This is an issue that deserves further study in
the context of specific detectors and physics goals. In the case of charged
intermediate bosons, there is no comparable source in prospect, but again there the
question of how and why to study W decays in various regions of phase space must be
examined in detail. The physics interest of rare decays of W* and Z° has been
considered by Axelrod (1982), Further discussion of the decaysof W and
Z into exotic modes will be given in Section VI,

The signature for W and Z will now be discussed briefly. The decay Z — e*e- or
w*u~ each with a 3% branching ratio should produce a clear signal with essentially
no background apart from instrumental problems such as e/n separation. The
leptonic decay W —ve, vu will enable the W momentum to be reconstructed if the
missing transverse momentum in the event (carried off by the neutrino) can be
measured. This method cannot be used :learly i-n events with other sources of

missing p, such os a W pair event. where both W’s dacay leptonically.
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An important question is whether or not one can identify W — qg by looking at
hadronic jets. For low momentum W’s where the opening angle betwee'n the jets is
lafée this method may be applicable. One would hope to see a peak in the jet pair
mass. The background is, of course, from multi-jet QCD events, which are difficult to
estimate reliably (see section II). For a high momentum W the two jets will be close
together and may not be clearly distinguished and one may have to measure the
invariant mass of a single jet. The relevant background is now a single QCD jet with
large invariant mass (M). For a jet of energy E, the distribution m$= M/E is given
roughly by dN/d% 20.259‘4§(Paige,1984) as predicted by the ISAJET Monte-Carlo
(Paige and Protopopescu, 1981) using our set 1 of distributions. The formula is
applicable for E = 5 TeV but the dependence on E is rather weak. The distribution is
rather broad and the average value? of M is of order(.15E. This background is
potentially serious and a more detailed study is needed.™ In any case it seems that
it will be difficult to distinguish W and Z from their hadronic decays, but such a

separation would be extremely useful.

** We are grateful to Frank Paige , M.Shochet and Pierre Darriulat for a discussion

of these issues.
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C. Pair Production of Gauge Bosons

Incisive tests of the structure of the electroweak interactions may be achieved
in detailed measurements of the cross sections for production of W*W- W*Z0, Z°Z°
W*yand Zy pairs. The rate for Wy production is sensitive
to the magnetic moment of the intermediate boson. In the standard model there are
important cancellations in the amplitudes for W"W~ and W=Z0 production which
rely on the gauge structure of the WWZ trilinear coupling. The Z°Z° and YA
reactions do not probe trilinear couplings in the standard model, but are sensitive to
nonstandard interactions such as might arise if the gauge bosons were composite. In
addition, the W+W~ and ZZ° final states may be significant backgrounds to the

¢
detection of heavy Higgs bosons and possible new degrees of freedom (see section VI).

1. Production of WrW~ Pairs

The Feynman diagrams for the process

Bl W
are shown in Fig. 4-13. The intrinsic interest in this process, which accounts in part
for plans to study e*e~ annihilations at c.m. energies around 180 GeV at LEP, is
owed to the sensitivity of the cross section to the interplay among the y—, Z°-, and
quark-exchange contributions. As is well known, in the absence of the Z%- exchange
term, the cross section for production of a pair of longitudinally-polarized
intermediate bosons is proportional to s, in gross violation of unitarity. It is
important to verify that the amplitude is damped as expected. Whether this direct

measurement or the study of quantities sensitive to electroweak radiative
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corrections ultimately provides the best probe of the gauge structure of the

’

interactions cannot be foretold with certainty.

The differential cross section for the elementary process (4.47) (Brown and

Mikaelian, 1978), averaged over quark colors, is conveniently written as

.-‘. LW s S . z V
%%—(it ZL-)N W )= §_&u§_‘f: M—PH[C°‘-+C,£E+C&-EZ+ Cﬁf;]

2 3% T paxis (4.48)

where again’f@) measures the momentum transfer between q, and W-(W*).Here
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Pw"-’-'\/‘l"f .

In order to impose experimental cuts on the produced W's, it is convenient to
decompose the rapidity of a product in the hadron-hadron c.m. frame in terms of the
rapidity y* of the product in the parton-parton c.m. frame and the motion of the

parton-parton system with respect to the overall c.m., as characterized by y, .
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*
'1 = ulboost +y
- (4.50)

where y,___ isrelated to the parton momentum fractions x, and %, by

libout = "tz'bg (Xﬁ/x,).

(4.51)
The rapidity of the product in the parton-parton ¢.m. frame is simply
*= tanh (Pe)
Y )
(4.52)
where z = cos6* measures the c.m. scattering angle and
¢
7 i
F = (1"' 4 Mw /S ) .
(4.53)

The cross section to produce a W+ W~ pair of invariant mass M =4f5T such that
both intermediate bosons lie in the rapidity interval (=Y, Y) is then

- SN Y
.adﬁ(a.b——vw*w +am1+hm5) = 23'3 Z _[_Y W pest

i

. { :F:.l )(xq M) 5:0(1; M)+ 5': )(x,,,M‘) f :m(xb,M‘)}

2 B _ (4.54)
.S dz %Z_(i;ﬁ—éw*w ))

-]
where as usual
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and-
N A
dr_ 83 de
dz~ 2 d
‘ (4.55)
The limit of the angular integration is given by
~A
zo= min [§ fanh (X-y, 03 1]
(4.586)

The result of the angular integration is

2 3 _ _3&
daais; L 5{2'320(1 =2/3)[2 Q(i )+ 0ilt-e+%)]
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where

T3¢ L.
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L+ 'E
[4{1 Yo ) E]

(4.58)



iv.21

The rate of W* W~ pair production in pp and Fp collisions is presented in Figs.
4-14"and 4-15, where we show the total yields as well as the cross secti.ons for W's
satisfying rapidity cuts of [y| < 1.5 or 2.5. Ideally, of éourse, one would like to impose
instrumental cuts on the final decay products. However, at the energies we are
discussing, the intermediate bosons are relatively light particles and their decay -
products have limited mobility of about +1 unit of rapidity. This means that a
detector with angular coverage down to a few degrees from the beam direction
should capture essentially all the decay products of an intermediate boson with Iyl <
2.5. :

The yield of W* W~ pairs is quite substantial at high energies.Forexample, a
run with integrated luminosity /dt = 10%em? would result in approximately 10°
pairs. The key to exploiting this ;)otential sample lies in reconstucting the
intermediate bosons from their nonleptonic decays, which account for 75% of the
total decay rate.

Of greater interest both for the verification of gauge cancellations and for the
assessment of backgrounds to heavy Higgs boson decays i.s the mass spectrum of
W+*W-pairs. This i{s shown for intermediate bosons satisfying |y| < 2.5 in Fig.s 4-16
and 4-18 for pp and Fp collisions, The mass spectrum for pp-» W'w™ with y| <
1.5 is shown in Figure 4-17. Again the number of pairs produced at high energies
seems adequate for a test of the gauge cancellations, provided that the intermediate
bosons can be detected. We shall discuss the signal-to-noise for heavy Higgs decays
in §IV.D below. In modelsin which the interactions among W-bosons become strong,
the scale of interest is an invariant mass of around 1 TeV/c’. In the standard model
we anticipate a few hundred events in a 10 GeV/c? bin around 1 TeV/c? at a c.m.
energy of 40 TeV. The yield could be enhanced by an order of magnitude if
nonstandard interactions are present (Robinett, 1983b). An example of a factor of

two enhancement will be given in our discussion of technicolor modelsin §VI.B .
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9. Production of W*Z? Pairs

The Feynman diagrams for the process
9:9; — W= Z
'} (4.59)
are shown in Fig. 4-19. This process is also of interest as a probe of the gauge
structure of the electroweak interactions. The differential cross section for reaction

(4.59) (Brown, Sahdev, and Mikaelian, 1979), averaged over quark colors, is given by
, TS PR LA 20, a VK
dr mgﬁl})til {(T 1 2) [(3;48_@)(&@ MEMZ) + (wa—-é]s(Mj-m’{)]
db 6§%E |\S-M,, |

L[k MM -amiand)] (s L
L S-M_, € w

(4.b07

The cross section to produce a W*Z? pair of invariant mass M = V5t such that

both intermediate bosons lie in the rapidity interval (-Y, Y) can be written as
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do= (b — W* 2%+ grntioins ) =
CkMMGL i 'Z—g\— Z jd‘abmsb

dt
& (4.62)
where in this case
Vo
r 'z T,
M., +M 4HwM

pel(1- Begte) - B

| (4.63)

The result of the angular integration is

.
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where‘
g'= (M5 +My)/s, |
(4.65)
and
' el
L= ﬁ.o% 1 i;"i‘%%o )
{-¢'-b2o (4.66)
with
Fe = Min [F;“ *&hh(\{‘%b"ﬂB)J\] b)
2 %
Bu= B/ (\““M“"‘;M ) - (4.67)

The rate of W*Z° and W-Z° pair production in pp and Pp collisions is presented
in Figs. 4-20 and 4-21, where we show the total yields as well as the cross sections for
intermediate bosons satisfying rapidity cutsof[y| < 1.50r2.5. The yield of WZ pairs
is approximately a factor of 5 smaller, for each charge, than the W*W- yield shown
in Fig.s4-14 and 4-15. |

The mass spectrum of WZ° pairs in pp collisions is shown in Figs. 4-22 and
4-23 for gauge bosons satisfying the cuts [y| < 2.5 and ly| < 1.5. Here we expect,ina
run with integrated luminosity | dtd = 10% cm-2, only a few tens of events per 10

GeV/c?bin in the interesting region around 1 TeV..
3. Production of Z*Z® Pairs

The Feynman diagrams for the process

| e
9.9 > 2°2 (4.68)
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are shown in Fig. 4-24. This process is of interest as a background to the production

‘ and decay of heavy Higgs bosons, and as a channel in which to search for unorthodox
int;zractions. The differential cross section for reaction (4.68) (Brown and Mikaelian,
1979) may be written in the form

8C(9. 7. —22) . (L7 ) [_'_é_ b +i¥¥— “;('g-‘z +':l~'§.)])
& “* T AxE(1xw)sELEE 0 ER “

(4.69)
where we have averaged over the initial quark colors and included a statistical
factor of 1/2 for the identical particles in the final state.

The cross section for production of a Z°Z0 pair of invariant mass M = Vst such

that both intermediate bosons lie in the rapidity interval (=Y, Y) is

v

do (b 2°2% amgting) = 2] Sd
o inginng) = 20 D | St 430)

A

. () a8 (¥ | . () {5} | =
{{Si (J("“'?m ) 5.1'.' ()(b,m ) + f[ ('x"‘?mr) f.{ (xb?ml)}jd%@(@ﬁ—)'ff)
R , ‘s, de _ J
where
dg 3‘ do-
dg = % T
(4.71)
with .
a9V
p= [1-4my /31"
(4.72)

The integrated cross section is
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Zo ’
dz, do _ _Td”
4o dz BxZU-xY

v [

4+¢ 1-&/2 +F2o
(L i ){zp,(z- 3[1~£/z— pzo

£2 + 2B (4-2%)

-—2%. 2 ry
£+ 4p (4-23)
(4.73)
where as usual
. -]
2,= hnm[P 'fm-.k(Y-?mw)) f])
E= 4!‘4: g
’ (4.74)

The rate of Z%Z° pair production in pp and Pp collisions is presented in Figs.

4-25 and 4-26, where we show the total yields as well as the cross sections for
intermediate bosons satisfying the rapidity cuts of ly| < 1.50r 2..5. The yield of Z%Z°
pairs is smaller by a factor of five to ten than that of W*W- pairs. At Vs = 40 TeV
and for f{dt = 10%* cm~2there are approximately 2x105Z pair events with |y| < 2.5.
If the Z’s are only detected in their leptonic modes, there will be approximately 700
reconstructed events. Again, high detection efficiency is a prerequisite to detailed
study.

The mass spectrum of Z°Z° pairs in pp collisions is shown in Figs. 4-27 and 4-28
for gauge bosons satisfying the cut |y| < 2.5, and |y| < 1.5. We shall return to these
spectra in our discussion of the observability of heavy Higgs bosons in §IV.D. For
now, let us remark that in the standard model we expect about ten eventsina
1 GeV/c? bin around 1 TeV/c? at a c.m. energy of 40 TeV, for a run with integrated

luminosity of 10%%em=2,
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4. Wiy Production

L
.

The elementary process which operates in the reaction

P*P — WiY+ a,nq‘i‘hing
(4.75)

is

35— W,

(4.76)
for which the Feynman diagrams are given in Fig. 4-28. The differential cross
section has been calculated by Brown,€ahdev, and Mikaelian (1979) and Mikaelian,
Samuel, and Sahdev (1979). The result, averaged over initial quark colors, is

3%-(‘366"“’7):‘ Tt “’“'2{(1 | 1)"53&%2%}_;})

65* x, \+t/6™3 t

ta

(4.77)
where U, isan elemeht of the (Kobayashi and Maskawa, 1973) quark mixing matrix
and ‘E measures the momentum transfer between q, and W-. The same expression
holds for W*y production, with? reinterpreted as the momentum transfer between q i
and W*. The invariant mass of the Wy pair is given by Vst The vanishing of the
differential cross section at ¥l = 2 (which corresfnonds to cos®, = .- 1/3) has been
uhderstood (Brodsky and Brown, 1982; Samuel, 1983; Brown, Kowalski, and
Brodsky, 1983) in terms of classical radiation zeroes.

The total rate observable in experiments depends sensitively upon the Wy
invariant mass and conéequently on the minimum detectable energy of a photon.

Figure 4-30 shows the total cross-section for pp - W* y when the invariant mass of



V.28

the W and the photon is restricted to be more than 200 GeVA*This cut removes the

.infjr.,a'red divergence when the photon energy vanishes, The cross-sections are
constrained so that both the W and the photon have rapidity between +2.5 and -2.5.
A tighter rapidity cut of y < |1.5| is also shown. The total cross-section is, of course,
formally infinite since the expression (4.77) has a t channel pole. Figure 4-31 shows -
the distribution in cose*, at Vs = 40 TeV, where 6* is the angle between the photon
and the beam in the Wy center of mass frame. We have applied a cut on the
transverse momentum of the photon of 20, 50 and 100 GeV/c. The distribution is
sensitive to the details of the Wwy coupling and in particular to the magnetic
moment of the W. Departures can be expected in non-standard models such
composite gauge boson theories (Robinett 1983a).

*

5. Production of Z% Pairs.

The Feynman diagrams for the process

9:§: > TY
(4.78)
are shown in Fig, 4-32, This process is chiefly of interest as a channel in which to
search for unorthodox interactions. For example, Leurer, Harari and Barbieri (1984)
have shown that in a composite Z° scheme the process q + §— Z° + ymay yield large
p, photons at a substantially greater rate than predicted by the standard model. In

thestandard model, the differential cross section for reactioﬁ (4.76)is(Renard, 1982)

T a2 AZ 4
dq—( ;":--;2"3)_ ta2(Li+R) [s My ]
P Rty = - L
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where we have averaged over the initial quark colors. Figure 4-33 shows the total
'cros'_s_’ section in pp collisons where we have required that the Z and photon have
invariant mass of more than 200 GeV£and that they satisfy rapidity cuts of [y} < 2.5
and ly|< 1.5. Figure 4-34 shows the distribution in cosé* at Vs = 40 TeV (see
previous section);again the transverse momentum of the photon is restricted to be -
greater than 20, 50, and 100 GeV/e .

D. Production of Higgs Bosons

In the standard electroweak theory, a single neutral scalar particle remains as
a vestige of the spontaneous breakdown of the SU(2), ® U(l), gauge symmetry. As
we have already noted in $1.B, the mass of this Higgs boson is not specified by the
theory, but consistency arguments sugkest (Linde, 1976; Weinberg, 1976a; Veltman,
1977; Lee, Quigg, and Thacker, 1977)

? GeVe* < My < 1 TeV/e™.
(4.80)
Tﬁe interactions of the Higgs boson are of course prescribed by the gauge
symmetry. It is therefore straightforward to write down the partial widths for
kinematically-allowed decays. The partial width for decay into a fermion-

antifermion pair is

Ge ’“{z Mu Ne

- 2 2 (Wi
P(H—$F) = = gz U=dmp /M)

)

(4.81)
where N is the number of fermion colors. For M, = M, the preferred decay of the

Higgs boson is into the heaviest accessible pair of quarks or leptons.
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In contrast, a Higgs boson with M,, = 2M has the striking property that it will
‘decay into pairs of gauge bosons. For the intermediate boson decay modes, the

partial widths are given in perturbation theory by (Lee, Quigg, and Thacker, 1977)

F(H->wtw?) = E‘;%’LG 4aw+303)(1—ag

(4.82)

GeMut /

ri o - Fiid _4 2 1_ Ya
(27} 641:«/?(4 syt 300, (4.83)

where a,, = 4M,;*M,? ana a, = 4M,;*/M,®. The resulting partial decay widths are
shown in Fig. 4-35. There we alsd show the partial widths for the decay H - QQ for
heavy-quark masses of 30 and 70 GeV/c%. The decay into pairs of intermediate
bosons is dominant. If the perturbatively estimatéd width can be trusted, it will be
difficult to establish a Higgs boson heavier than about 600 GeV/¢2,

The expected properties of light Higgs bosons have been reviewed by Ellis,
Gaillard, and Nanopoulos (1976), and by Vainshtein, Zakharov, and Shifman (1980).
The heavy Higgs alternative has been explored by Lee, Quigg, and Thacker (1977),
and by Gordon, et al. (1982). |

A number of production mechanisms for Higgs bosons have been considered.
Here we discuss the production of Higgs bosons in isolation; associated production of
Higgs bosons and intermediate bosons will be treated in §IV.E.

The direct production of a Higgs boson in the reaction
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(z,;_i;—-—)H

K (4.84)

isdepicted in Fig. 4-36. The differential cross section for the reaction

a+b-—> H+ anyfhinj (4.85)

is given by

de _G_EEZ(

y ~ 32 ) {fm(*a,""u Qc- (xy, M%)

[ ]

( 1
+ET M MY

(4.86)
where ¢ = M */s and 2“ are given by (4.10). The integrated cross section is then

is given by™!

F1 All our production cross-sections are given in zero width approximation for the
Higgs boson. This approximation will underestimate the production rate when the

Higgs width becomes very large.
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(o.b—';H+an\I‘me5) Sf Z( ) i%”

A
4 dx‘-
ﬁ 31' b (m.:’_>'U LY ’
Sbn Zﬁ My / 9T (4.87)

For light quarks this is negligibly small even for rather light Higgs bosons, because

of the (m M%) factor. For heavy quarks this contribution is small because of the
small parton luminosity. Figure 4-37 shows the Higgs production cross-section via
this mechanism for m, =30 GeV/c? as a function of M,,. The pp and Fp rates are
equal. In particular, the cross section due to the reaction tt —» H for M, = 100 GeV/c?
andm, = 30 GeV/c?isonly 9pb at V5= 40 TeV.

A more promising source of Higgs bosons in hadron collisions is the gluon
fusion mechanism indicated in Fig. 4-88 (Georgi, et al., 1978). This process makesa

contribution to the differential cross section for Higgs production of

2y C 2
%E(ab—b Hmm{ﬁ\mj) - ‘52.)’-1 (Dls ) T h‘l\ xu,MH ) %n(.xb,Mu) 5
! (4.88)

where (Resnick, Sundaresan, and Watson, 1973)

n= Zjicug (obny)

[’l-‘ (xy M /on )] (4.89)

and the strong coupling constant is evaluated at M,;>. Consequently the integrated

cross section is

rlabs Htanything) = S (“5) i 78Eas.

(4.90)

A quark with m, = M,, gives n~ 1/3. For 4m? < M % qnis complex. Defining
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€= 4mi /My,
(4.91)
we may write
. ] E.
N = -7-_-[1+(5-4)‘f’(5)] ,
(4.92)
with
: 2
- [sin“ (‘\./ﬁ)] , &7
fle) = ‘ .
7;:[1»3 ('§+/‘S'_)+£TU] , £
(4.93)
where
Ty = (& \/‘T-T |
(4.94)

We plot [n(e)]? as a function of e in Fig. 4-39. For quark masses m, = 70 GeV/c? and
Higgs boson masses my; > 200 GeV/c? the parameter ¢ is less than 0.5. In this region

In,(e)|* may be approximated by

h](a)l"m 0.3 ¢, &<0.5.

(4.95)
Consequently the production rate from this mechanism is proportional to m? and

light quarks are ineffective.
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The total cross sections for Higgs boson production by this gluon fusion process
‘are §hown in Fig. 4-40 for m, = 30 GeV/c® and in Fig. 4-41 form, = 70 GeV/c2. The
ser;sitivity to the top quark mass is apparent, Differential cross sections for Vs = 40
TeV are plotted in Fig. 4-41. They show the expected behavior, with light Higgs
bosons produced uniformly in rapidity and heavy Higgs bosons produced more .
centrally. The number of events is not large. In the case of the ZZ final state, the
requirement that both Z’s decay leptonically will result in only 9 events for m,, = 500
GeV/c? and m, = 30 GeV/c? at Vs = 40 TeV and for f £ dt = 10 ¢cm-2. This small
number of events may be sufficient in the absence of background (see below).

Another mechanism for the production of heavy Higgs bosons hasrecently been
studied by Cahn and Dawson (1984). This is the intermediate boson fusion
mechanism depicted in Fig. 443, whsch becomes important at large Higgs boson
masses because the coupling of the Higgs boson to longitudinal ' W’s and Z’s is
proportional to M,,. Useful approximate forms for the cross sectilons are (Chanowitz

and Gaillard 1984, Cahn and Dawson 1983).

‘ E)
. 1 Y
R . T T .
(1415 78) 2oq (371 -2 200 3] Z,L £t W, G M) B Lecen),
(4.96)

and 1 { y )3.

G‘zzﬂ (ab— H+am1'\'\'\'m3) = VN Uxuli-%) |
[+ /3) Loo(S/MR) -2+ M) Z ((Lf‘*r RING4%%)

o :
. &:,("“’M:; )f,_’(xi, Ma )) (4.97)
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These approximations assume that the gauge bosons are emitted at zero angle. The
total cross sections for Higgs boson production by intermediate boson fusion are
sho.v;rn in Fig. 4-44. This contribution exceeds that from gluon fusion for Higgs boson
masses in excess of about 300 GeV/c?if m, = 30 GeV/c?, as may be seen by
comparison with Fig. 4-40. For a top quark mass‘of 70 GeV/c?, the gluon fusion

mechanism dominates for Higgs boson masses up to 550 GeV/c2

To assess the observability of Higgs bosons we must discuss the
signal and the background., We will first consider the case in which the
Higgs boson is heavier than 2Mw 30 that 1t decays almost exclusively
into states of W'W or ZZ (see Fig. 4-35). We display in Fig. 4-145 the

cross section for the production and decay
L

PF-—-r H + a.nq‘l‘hinj
L whw- (4.98)

at ¥5 = U0 TeV. We have restricted the rapldity of the W s0 that
IYWI < 2.5 and have assumed m = 30 GeV/cz. As discussed in Sec. IV.B,
this cut will ensure that the decay products of the W's are not confused
with the forward goiné beam fragments. The contributions from gluon
fusion (eqn. {(4.90}) and gauge boson fusion (egns. (4.96) and (4.97))
are shown separately.

Assuming that the W's can be identified, the background comes from
W pair production (eqn. (4.47)). We have estimated this background by
taking do/dM for W pair production with lvy] < 2.5 (Fig. 4-16),
evaluating it at W pair mass M equal to MH and multiplying by the Higgs
width (See Fig. 4-35). It can be seen' that the signal exceeds the
background for MH < 630 Geqﬂ?.Fig. 4-46 shows the same result for

Mt « 70 GeV/cz. For large Higgs masses this change 13 unimportant since
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the gluon fusion mechanism 1s not dominant. A tighter rapidity cut of
|Yw| < 1.5 1s shown In Figure U-47. The effect on signal and background
of a change in the beam energy can be seen by comparing Fig. 4-48
(/S = 10 TeV) with Fig. 4-45. At this lower energy, the signal and
background become equal at MH =320 GeV/cz.

The Higgs production rate is almost the same in pﬁ collisions, but
the background i{s larger (compare Figs. U4-16 and 4-18). At /s = 40 TeV
and HH = 400 GeV/02 the bhackground is larger by approximately a factor
of 4 in pp than in pp collisions,

We can also attempt to observe the Higgs in its Z pair decay mode.
The signal is less by a fackor of two (see eqns. (4.82) and (4,83)), but
the background is less significant as can be seen by comparing
Figs, 4-16 and 4-27. Figure 4-49 shows the signal and background in the
Z pair final state at /s = 40 TeV in pp collisions Qith ly;| < 2.5 and
mt = 30 GeV/cz. The signal exceeds the background for MH <1 TeV/cz.

In order to estimate the reach of.various machines we have adopted
the following criterion to establish the existence of a Higgs boson.
There must be at least 5000 events and the signal must stand above the
background by 5 satandard deviations. The 5000 events should be adequate
even ir we are restricted to the leptonic modes of the W's or 2Z's. In
particular, 18 detected events wouid remain from a sample of 5000 Z
pairs of both 2's decay into e e’ or u+u—. Figure 4-50 shows the maximum
detectable Higgs mass in the W pair final state with Iywl < 2.5, and

2 as a function of s for various integrated luminosities,

m, = 30 GeV/c
The criteria applied to the ZZ final state do not yleld significantly

different results, It may be possible to distinguish a W or Z from
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QCD  jets if the W or Z decay hadronically. If this is the case and one
cannot distinguish beéween a W and Z in their hadronic modes, then one
must édd the ZZ and WW final states. In this case, the background is
inereased, since it receives a contribution from WZ final states
(Fig. 4-22).

If we apply the criterion to pp collisions we will obtain very
similar resulta to those in pp. At /s = 40 TeV the limiting factor is
the width of the Higgs as well as the production rate, An extremely
wide resonance 1is difficult to establish., However as we have already
remarked there should be sufficient W pair events to see some structure
in the W'W  channel indjcative of a heavy Higgs. At /s = 10 TeV the
production rates are low